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INTRODUCTION
This report presents a summary of a series of investigations related to

design considerations for asphalt pavements and is divided into three sections:

Part 1 - Additional Fatigue Considerations

A summary of recent research pertaining to the fatigue

response of asphalt paving mixtures.

-Part 2 - Analysis of In-service Pavements

Studies of three in-service pavements to evaluate the
applicability of layered elastic theory to represent

pavement response.

Part 3 - Permanent Deformation Considerations

Development of a subsystem to predict permanent deforma-

tion in asphalt concrete pavements.

The subsystem to ﬁredict fatigue developed in an earlier report, Fig. 1,
is used as a basis for a portion of the analyses presented in Part 2 and the
information contained inPart 1 provides additional data to make the subsystem
more useful.

Fig. 2 contains a format for a subsystem to permit estimation of permanent
deformation in asphalt concrete pavement structures. Part 3 describes methodology
which permits rutting to be estimated within this framework. While this sub-
system does not have the extensive research associated with the fatigue sub-
system, it does have the potential to assist engineers in achieving the goal
of improved design.

Portions of this investigation have been reported in References (20), (58,

and (29). Those results will not be included in this final report.
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PART 1: ADDITIONAL FATIGUE CONSIDERATIONS

INTRODUCTION

Since the publication of earlier reports (e.g., TE 70-5 (1)), a number
of questions have been raised as to which fatigue criteria for asphalt concrete
should be used for design purposes (2, 3). In this section some consideration
is given to the problem, and alternative solutions are suggested based on a
survey of recent literature.

The effects of air void content and asphalt content on fatigue life of
asphalt concrete have also been discussed in earlier reports (). Recent re-
search by Pell has suggested an improved method for considering the effects of
both of these variables. Discussion of this appfoach is also included.

A brief discussion of cracking in thick asphalt-bound layers and its sig-
nificance relative to design has been incorporated since evidence has been pre-
sented to indicate that under some circumstances cracking may be different

than that assumed in the fatigue subsystem.

FATIGUE CRITERTA FOR USE IN PAVEMENT DESIGN
Deacon (2) has indicated that a crucial aspect of fatigue life estimation
is the development of suitable distress criteria. Such criteria can be es-

tablished in at least four different ways (2):
(1) from theoretical analyses of existing design curves,

(2) from an analysis of the performance of in-service pave-

ments, particularly road tests operated under rigid control,
(3) from laboratory fatigue testing,
(4) from a combination of two or more of the above procedures.

Finn, et al (3), have shown that care must be exercised in the development
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of such criteria since, for example, contradictory results may be obtained

for the influence of mix variables on pavement performance. This point is
illustrated in Fig. 3 . In this figure, results of analyses show that fatigue
damage decreases with increase in asphalt concrete stiffness if either the
criteria developed in TE 70-5 (1) or those developed by Heukelom and Klomp (& )
are used; on the other hand, if the criteria developed by Kingham (5) are
used, damage increases with increase in mixture stiffness. (For information,
comparison of these three criteria are shown in Figs, 4 and5 ).

Generally, fatrigue criteria determined from laboratory controlled stress
tests will provide the most conservative results since such tests include rela-
tively few repetitions for crack propagation. In—-situ, on the other hand, it
is possible that, after initial cracking, the asphalt bound layer will sustain
a large number of additional repetitions (associated with a slow rate of crack
propagation} before the pavement is considered unserviceable. Such considera-
tions lend support to the suggestion by Deacon (2) that distress criteria
derived from the analysis of the performance of in-service pavements would
appear most suifable at this time. However, to develop such criteria from
analyses, appropriate materials characterization data together with detailed
traffic and envirommental information are required for the specific projects
being analyzed.

Since considerable laboratory fatigue data are available, an alternative
approach is to combine metheds (2) and (3) above to arrive at interim criteria
and to check the reasonableness of pavements designed with these criteria by
comparing thicknesses sco selected with those obtained using appropriate
existing méthodology. |

In some instances this may involve the shifting of the curves determined
from laboratory testing by some reasonable factor (e.g., Pell (é)). Santucct

(7) has used this approach in establishing fatigue criteria for full-depth
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asphalt pavements containing emulsion-treated as well as asphalt concrete base
courses. His recommended criteria, shown in Figs. 6 and 7 were obtained by

increasing the number of repetitions for the laboratory determined curves by a
factor of three.

Recently van Dijk (8 ) has presented fatigue data obtained from a wheel
tracking test. His results indicate that controlled-strain data may be more
appropriate to define pavement cracking than controlled-stress data since the
former include the influence of crack propagation on the number of repetitions
associated with unserviceability. In his tests van Dijk has defined various
stages of cracking as shown in Fig. 8 and has compared these results with
laboratory tests. If one considers the N2 stage, shown in the figure, as
the damage measure, then the use of criteria less conservative than those based
on controlled-stress tests appear reasonable as in Fig. 9 .

The shifting of the laboratory curves obtained from controlled stress
testing as done by Santucci thus appears to be a suitable pfocedure {so long
as the resﬁlting designs agree with existing field performance data).

Finally, while still not well documented, it is possible that the use of
both controlled-stress and contrﬁlled—strain laboratory fatigue data provides
an altermative approach to reasonably recognize the influence of crack propa-
gation time on pavement service life. The procedure whereby this might be
accomplished is illustrated in a subsequent section describing the Blythe
project and involves the concept of the mode factor. Such a procedure has
already been described in an earlier réport (1) and thus will not be included

in this section.

INFLUENCE OF ASPHALT AND VOID CONTENTS ON FATIGUE LIFE
A number of reports (9, 1 ,10) have demonstrated the influence of both

asphalt content and void content on fatigue life. Recently Pell and Cooper (1l1)
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- have suggested that a useful way to incorporate the influence of both of these

variables on fatigue life is by means of a correction factor proportional to:

v+ v, @

where:

VB = asphalt volume®*, percent

Vv = air void volume, percent

Santucci (Z)lhas analyzed the data of Pell and Cooper and developed the re-
gression curve shown in Fig. 10. The data obtained by Epps (12) and reported
in TE 70-5 has been analyzed in this manner and the results are shown in Fig. 11.
It should be noted that the data of Pell and Cooper are based on fatigue lives
associated with strains of 100 x lD_6 in. per in. (mm per mm), while those of
Fig. 1l are based oun mixture strains in the range of 400 to 600 x 10"6 in. per
in. (um per mm). Interestingly, the.slope of the regression line developed
from Pell's data appears reasonable for the data developed by Epps.

To use the fatigue data shown in Fig. 11 (California mixes), it is necessary
to adjust the fatigue life at a particular strain level for the corresponding

stiffness by the ratio:

v determined from the expression

B
v = PwaspGagg(l B vv)
B 100 - G + P + G
asp Wasp agg
where:
PWaS = percent by weight of asphalt
P (dry weight of aggregate)
Gasp = gpecifie gravity of asphalt
G - = gpecific gravity of aggregate

agg
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ror - 14.84

vB
_VV+VB_
1
1= — ¢ (2)
vB
V. 4V
LV Bl J
0
where:
condition 1 corresponds to the actual place-
ment of field conditioms
and

condition 0 corresponds to the laboratory

mix design based on the State of Califormia

method with 5 percent air voids. :
The exponent 4.84 of équation (2) was determined by a regression analysis (7)
of available data.

Recently Pell has demonstrated how such data can be used to assess the in-
fluence of field compaction on the fatigue performance of asphalt pavements (13),
illustrating again how available data together with theory can assist the engi~
neer in assessing the consequences of design decisions and construction in-
fluences. Pell's analyses are shown in Figs. 12 and 13.

Fig. 12 illustrates the results for an analysis of a pavement containing
a dense bituminous macadam base (D.B.M.). In the analysis the stiffness of
the macadam base was varied according to its variation in both asphalt content
and void content (as computed by the Shell procedure (14)). Maximum tensile
strains were computed at the underside of the asphalt-bound base layer and the
nomograph recently developed by Pell, Fig. 14, used to estimate fatigue life.
Pell notes that for this situation the effect of void content is extremely
important. However, the influence of asphalt content may be more important
than shown since the procedure used to estimate stiffness may overestimate

somewhat the effect of void content. The data do, however, stress the

www fastio.com


http://www.fastio.com/

(L13d 4834®) bul
-Jejans jleydse paj[od 304 © O JOLARYDQ Snblles Byl
Uo s3usjuod pLoa pue 3peydse jo sousnpuy - g| ‘b4

(Ll3d 4@14®) ‘wepeoew snoLULWN}Lg 3suap
e JO JOLAeYaq onbBLjey Byl uo S3UdU0D
pLOA pue 3|eydse jo adusn|juy - g| 614

14

% JU3jUD PIOA

" z o 8 9 v z n__a a MMN , e
| — 7 ¥
x " ug
o] . " %0
o . " Yo i
B v INJINOD HIINIE %8
S e T = ~
4 ] » . YE T
./..l’ll // ) . . % q”
T— N — - 0 INGLNOD HIONIE %S —
o Illl!ll-_.- / - < N mc_.
: I — Q. /
e NN a
Y = o m 71/ .
= /7/ £
AN 5
ANAN
AN —
£4980 30veoEns N
A\
____ZWNWSLL  3SvE B8NS wwogt N1 ==,
g " - T 9
——zU/NW 005 3SVE HVTINVHD. WW00T
SIVA_ONIVRING VHH_ Wit
e ARERR €487 3avuoans
: I | MNAEL S5va,
! g0t SIVA 35V WEO

liIbPD

C

wavwlastio.com


http://www.fastio.com/

ClibPD

15

importance of good compaction.

Fig. 13 illustrates the results for a pavement structure containing a
comparatively thin asphalt-bound layer -— termed hot rolled asphalt (H.R.A.),
Tn this case the influence of void content is not as significant since stiff-
ness does not play as predominant a role for the structure of Fig. 12. The
importance of higher asphalt contents at higher void contents is emphasized.

In general, as noted earlier, this data indicates how one can analyze the

influence of construction variables on performance. Moreover, it emphasizes

. the point that such variables must be examined in the context of a particular

pavement structure!

CRACKING DEVELOPMENT IN THICK ASPHALT-BOUND LAYERS (SOME THOUGHTS)

In the design methodology which has evolved from the research to date in
this investigation as well as others (15, 16, 17, 1) to minimize fatigue
cracking, it has been assumed that cracking will iniéiate on the underside of
the asphalt-bound layer and is associated with the magnitude of the principal
tensile strain repeatedly applied resulting from traffic loading. The Morro
Bay project (1), for example, indicated thig to be a reasonable assumption,
Some recent studies of the performance of thick asphalt-bound layers indicate
that cracking may not necessarily start on the underside of the layer and
progress upwards (18, 19). .Examination by Witczak of crack patterns in some
in-situ pavements, e.g., some sections of taxiways at Baltimore-Washington
International Airport (18), indicate that cracking ﬁay be confined to the upper
part of the pavement structure when it is first observed.

As Witezak has noted, cracking near the surface may result from a com-
bination of vertical and horizontal forces associated in the specific_instance
of the Baltimore-Washington taxiway pavement with turning aircraft, It is
also possible that because of temperature gradients in the asphalt concrete,

particularly when the surface is warmer than the lower portion, that the
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principal strains resulting from combined stresses may be relatively large
tensile strains.

Dehlen (19) in his analyses of the San Diego Test Road pavement indicated
that such a possibility may exist. Numnn (20) has made a fairly detailed
analysis of stresses and strains in thick asphalt pavements for the conditions
of (1) constant temperature throughout the layer and (2) temperature gradients
representative of those in Great Britain. Fig, 15 illustrates radial strain
distributions for constant temperature conditions. At elevated temperatures
it will be noted that high tensile strains are cobtained. While this may not
be a completely realistic situation, it is not difficult to envision circum~
stances wherein the upper part of the asphalt-bound layer is at a relatively
high temperature with the result that such a distribution might be repre—
sentative of the upper part of the pavement etructure. When such conditions
occur, it is possible that some fatigue cracking may thus occur in this por—
tion of the pavement. Whether or not this will influence the thickness de-
gign procedures is another question.

Witczak has indicated, based on his analysis of the Baltimore-Washington
International Airport, that the thickness design procedure which includes
consideration of the tensile strain on the underside of the pavement provides
a reasonable thickness for this site even though some surface cracking has
been observed.

As will be seen in the section containing the analysis of the Indio pave-
ment, when the temperatures are high large tensile strains are computed near
the surface.

Thus far, however, there is no indication that the concept of considering
the maximum tensile strain in the underside of the asphalt-bound layer as the
damage determinant should be revised, e.g., Witeczak (18). It is possible,

however, that some cracking may occur in thieck structures and may have some
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influence on design thicknesses. Until further evidence becomes available,

however, it is recomeended that the present concepts used for design, i.e.,

maximum strain at bottom of layer, be continued.
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- PART 2: ANALYSIS OF IN-SERVICE PAVEMENTS

INTRODUCTION
As a part of the evaluation program to assess the validity of the use of
. layered elastic analysis in the design of asphalt concrete pavements, the
California Transportation Laboratory selected three "full-depth" pavements for

detailed study. These included:

(1) A full depth section of a widening portion of Interstate 10

near Indio, California.

{2) Two 1,000 ft. (305 m) long experimental full depth sections

on Interstate 10 near Blythe, Califormia.

(3) A full depth widening project on U. S. 101 in the city of

Willits, Califormnia.

In this section will be summarized the studies associated with these proj-

ects conducted at the Soil Mechanics and Bituminous Materials Laboratory.
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INDIO PROJECT

The pavement section for the Indio project consists of a layer of asphalt
concrete 1.0 ft. (300 mm) in thickness placed on 0.25 ft. (75 mm) of Class II
aggregate base introduced as a working table, both layers, in turn, resting on
a sandy subgrade. Fig. 16 illustrates the pavement cross section including the
1ift thicknesses placed to achieve the 1.0 ft. (300 mm} thick asphalt concrete

- layer. The surface course® 0.25 ft. (75 mm) in thickness, contains 4.9 percent

of a 60-70 penetration asphalt cement while the base course, 0.70 ft. (215 mm)
in thickness contains 4.4 percent of an 85-100 penetration asphalt cement.

Instrumentation consisting af strain gages, LVDT's, pressure cells, thermo-
couples, and moisture movement devices were installed in a section of the
project by the staff of the Transportation Laboratory. Fig. 16 also shows
locations of the various.types of instrumentaﬁion.

While the original intent of this phase of the study was to prepare an
estimate of the service life of the pavement, studies at the University have

been limited to prediction of some of the measured strains and deflections for

specified load and environmental conditions.

Material Characteristics

The subgrade soil for the project is a sand. Results of repeated load

triaxial compression tests on this material are shown in Figs. 17 and 18 for

a condition representative of that in-situ, i.e. water content of 5.1 percent

SR

and a dry density of 110 1b per cu ft.

Stiffness results of the usual form (1) were obtained, i.e.:

0.73

MR = 3,160 - 03' (3)

*
The open graded mix placed at the surface, 0.05 ft. (15 mm) in thickness was

not considered in the structural analyses to be presented herein.
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where
MR = regilient modulus, psi
03 = confining pressure, psi
and
M. =971 . 0270 (4)
R
where:

8 = sum of principal stresses, %4 “+ 303 , psi

i

Y3 deviator stress (o, - 03)_, repeatedly applied, psi

1

Resilient Poisson's ratios have been plotted as a function of the primcipal
stress ratio, 01/03 in Fig. 19. More recent studies have indicated that the
resilient Poisson's ratio may not vary as much with principal stress ratio as
. shown in Fig. 19 if the confining pressure as well as deviator stress is re-
peatedly applied. This should permit some simplification in any detailed

analysis, e.g., a finite element analysis of a particular section.

Tests were not performed on the Class I1 aggregate base; rather, this

material was assumed to have the same characteristics as the Folsom project
base aggregate (1)
Stiffness and fatigue tests were performed on 12 in. (300 mm) diameter cores

of the asphalt concrete section obtained by the staff of the Transportation

Laboratory. Appendix A contains a summary of the procedures used to obtain
o the beam specimens as well as a detailed summary of the test results. 1In the

analysis reported herein, only the stiffness measurements have been used.

Fatigue data have been included in Appendix A, should additional analyses

be desired at some subsequent time.

Tests were also performed on the asphalts recovered from both base and

ClibPD www fastio.com


http://www.fastio.com/

24

‘pueEs 2oeJbgns OLpu] - OLJB4 S5,U0SSLO4 JUBL1SdJ UO mo\Fo 40 92URN[JU] - §| "bLLA

£0/ 10 ‘o1oY SS34S

0
0
v,
X
4
20§
2
3
S
£0 §
Ul
»
X
£0 3
..0....
50
90

[aslio.com

ClihPDE - wivw


http://www.fastio.com/

25

surface courses. Properties of the recovered materials are shown in Table 1.
To estimate the stiffness using the Shell procedure (15), i.e., in the
equation:

Smix _ 2.5 7w
3 n 1L-¢C

The quantities showm in Table 2 were determined. In this equation it is
necessary to use a modified volume concentration of aggregate, Cé for air
void contents greater than 3 percent. These values are shown in the table.
In addition, according to the Shell investigators, this expression is valid
so long as the volume concentration of the asphalt, Bv y 18 greater than
2/3 (1 - C;) . It will be noted that these mixes are within the range; accord-
ingly, estimated stiffnesses were determined and comparisons between computed

- and measured values are shown in Figs, 20a and b,

These comparisons indicate that the computational procedure can reasonably
estimate stiffnesses, although the measured stiffness values at 81°F (27°C) are
somewhat less than the-estimated values, particularly for the base course. This
difference may be due in part to cross section irregularities resulting from
sawing. While the irregularities occurred in the specimens tested at the lower
temperatures, their influence was more severe at the elevated temperature.

To analyze the pavement under moving traffic, stiffnesses were also esti-
mated at a time of loading of 0.015 sec. These values are shown in Figs., 2la
and b. In the high temperature range the computed values may be lower than those
which might occur in-situ necessitating some adjustments in the computed values
based on comparisons between calculated and measured deflections at these

- temperatures.

Structural Section Response

As noted earlier, only a few analyses were performed to estimate the pave~

ment response to load for comparison with measured values. For these computations
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TABLE 1 - RECOVERED ASPHALT PROPERTIES, INDIO CORE SAMPLES

' Date
Test Property Sampled Base Surface
Penetration, 77°F, 100 gm, July '71 ' 30 36
5 sec, - dmm Dec. '71 26 29
Ring and Ball Softening July '71 128 127
Point °F - Dec., '71 139,5 138

TABLE 2 - PARAMETERS TO PERMIT ESTIMATE OF STIFFNESSES OF INDIO
BASE AND SURFACE COURSES BY SHELL PROCEDURE

Air
Asphalt Void
Content Content ' o
Percent Cv Percent Cv Bv 2/3 (1 Cv)
Base 4.4 0.893 8.0 0.853 0.107 0.100
Surface 4.9 0.384 8.0 0.841 0.116 0.106
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the pavement was rgpresented as a 5-layer elastic system as shown in Fig. 22.
Results of the analyses are shown in Tables 3 and 4.

Table 3 summarizes the deflections obtained in December 1971 when the air
temperature was estimated to be abouf 60°F (15°C). Stiffness moduli for the as-
phalt concrete surface and base were estimated to be in the range 600,000 to
700,000 psi (4,150-4,900 MN/mz).‘ Comparison of the computed deflections with
the measured values indicates that the system can be modeled so long as appropriate
stiffness values are selected. Interestingly, the LVDT's show a slight increase
in deflection below the pavement surface, the same as that indicated by the com-
putations.

Similar data are contained in Table 4 for measurements taken in June 1972
when the air temperature was estimated to be about 120°F (49°C). Comparisons
between measured and computed values indicate-the reagonableness of the elastic
analysis so long as appropriate stiffness values are used.

A few analyses were also made for strain distributions when the pavement
was loaded at an elevated temperature; these results are shown in Figs. 25 and
26. For this analysis the BISTRO program (21) was used to analyze the pavement
configuration shown in Fig. 23. This computed program permits examination up to
10 layers; in this case the large number was considered desirable in order to
model the stiffness characteristics of the asphalt concrete in the upper portion
of the pavement due to a steep temperature gradient, Fig. 24.

For these conditions it will be noted that large tensile strains occur
in the upper part of the pavement section. As discussed earlier, strains of
this magnitude could lead to cracking at the surface. Unfortunately, strain

measurements were not available for comparison with these analyses,

Summary

With the data presented in this section it is possible to develop analyses
for the response of the Indio pavement to traffic loading. It must be empha~—

sized that appropriate stiffness values must be used and that if results
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such as strains under high temperature conditions are to be examined, care must
be given to selection of an appropriate model for the pavement, For the
limited data évailable, the analyses appear to provide "reasonable" estimates

of pavement response even at elevated temperatures.

BLYTHE PROJECT

This project is the second of two constructed in the desert area of
Southern California by CALTRANS to study the response of thick 1ift asphalt
concrete pavements to traffic loading and to assess the validity of the analysis
procedures developed in this program. While apalyses were directed primarily
to estimations of stress, strain and deflection for the Indic project, an
attempt has been for the Blythe project to assess its service life -- iIn this
case as measured by cracking from repetitive traffic loading,

This portion of the report describes the test and analysis program together
with service life estimates for the two Blythe pavement sections, cross sections
for which are shown in Figs. 27a and 27b. Test Section A consists of 0.80 ft
{~ 10 in.) (250 mm) of asphalt concrete resting directly on the sandy subgrade while
Test éection B contains 1.5 ft. (455 mm) of asphalt concrete on the sandy subgrade.
These figures also illustrated the location of instrumentation; no comparisons

between predicted and measured response have been included in the report.

Materials and Specimen Preparation
Laboratory prepared specimens for both the asphalt concrete and subgrade

s0il were used to define the material response to load.

Asphalt Concrete. The aggregate for the asphalt comcrete was obtained from

the project stockpiles. This material was separated into individual size
fractions and recombined as shown in Fig., 28 to meet the State of California
specifications, An 85-100 pen. asphalt cement representative of materials used

'~ the project was supplied by the Chevron Asphalt Company,
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From an analysis of field test data, beam specimens of asphalt concrete
were prepared using the Triaxial Institute Kneading Compactor. To obtain an
air void content of about 6 percent at an asphalt content of 4.75 percent (i.e.,
the field conditions) the following procedure was utilized (similar to that re-

ported earlier (1)).

No. of Compaction Pressure -

Compaction schedule: Layer tamps psi (KN/m?)
1 20 145 (1,000}

25 375 (2,700)

, 20 145 (1,000)

35 375 (2,700)

3 20 145 (1,000)

50 375 (2,700)

Leveling pressure: 375 psi; applied at rate of 0,25 in. min per.

Subgrade. The subgrade was a sandy material. Data for modulus vs. confining
stress and modulus vs. the sum of principal stresses are shown in Figs. 29
and 30. There appears to be a slight effect of both water content and dry

density on the resilient modulus.

Fatigue Testing

Both controlled-stress and controlled-strain fatigue tests using procedures
reported earlier (1) were made on the laboratory prepared beam specimens. Be-
cause of the high temperatures encountered at Blythe, it was believed desirable
to include the controlled—-strain tests since it is possible that this condition

might be approached at very low stiffnesses (high temperatures),

Controlled—stress Tests. Controlled-stress tests were performed at 68°F (20°C)

at three stress levels —- 75, 100, and 150 psi (520 to 1,040 KN/mZ) Initial strains
were determined from flexural stiffnesses using deflections corresponding to 200

stress repetitions. Test results of initial strain vs. stress applications to
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fracture,'ﬂﬂf , are shown in Fig. 31. The regression equation:

- 3,73
N, = 4,68 x 107°(3) (8

when compared to that developed in TE 70-5 (1) for az number of mixes designed
according to the State of California procedure exhibits a flattér slope and is
displaced to the left of the general curve. TFor the asphalt content and void

content for this particular mixture, however, the data appears reasonable.

‘The basis for this comment has been discussed earlier.

Controlled-strain Tests. ContTolled-strain tests were performed at both 68° (20°C)

and 90°F (32°C). Services lives in these tests were defined as the number of stress

applications corresponding to a 50 percent reduction in flexural stiffness.
Test results together with the resulting regression equations are shown in
Fig. 32; equations for the test results are:

2.97
1.83 x 10'6{fﬂ (7

3.54
9.8 x 107°( (8)

At 68°F: N
=

At 90°F: NS

!

Fig. 33 contains a comparison between the controlled-stress and controlled-

strain fatigue data.

Fatigue Life Determination

Both pavement sections have been analyzed according to the flow diagrams

of Fig. 1 and results will be presented in that format.,

Environment and Traffic Data {(Imputs). Climatic data required to estimate

pavement temperatures are summarized in Table 5, The temperatures represent
a 12-year average for the period 1961-72.

Truck tréffic data used in the analysiswere furnished by CALTRANS from a
1971 truck traffic count at Lovekin BLl, in Blythe (PM 152,98): the observed

average daily truck traffic are summarized in Tzble 6,
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TABLE 5 - CLIMATIC DATA, BLYTHE, CALIFORNIA
Daily#*
Average® Aixr Average Sky
Month Air Temperature Wind Insolation Cover
Temperature Range Velocity
°F °F mph
Jan. 52.7 26.2 7.0 305 4,9
Feb, 58.6 27.1 8,0 405 3.4
March 63.6 28.8 8.0 515 3.5
April 70.4 29,8 9.0 610 2.8
May 79.1 . 30,8 9,0 700 2.3
June 87.5 31.1 9,0 720 1,5
July 95,6 26.7 10.0 670 2.8
Aug. 94.4 24.9 9.0 650 2.5
Sept. 86.7 27.4 7.0 560 1.5
Oct. 74.8 28,1 7,0 430 1.5
Nov. 62.0 25.8 7.0 325 2.8
Dec. 52.5 24,3 6.0 270 3.8
7‘r=nn=_‘rage ~ 12 year period, 1961-1972,
TABLE 6 - TRUCK TRAFFIC DATA - BLYTHE, CALIFORNIA, 1971
ADTT
Classification
Number Percent

2 axle 387 - 35,0

3 axle 107 6,7

4 axle 53 - 4,8

5 or more axles#® 558 50.5

1,407 100.0

*
From TE 70-5 (1) an estimate was obtained for breakdown between 5
and 6 axle vehicles; in this case the 50,5 percent value was dis-—
tributed 31.5 percent to 5 axle and 19.0 percent to 6 axle vehicles,

nvw L fastio.com
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The Blythe pavement was opened to traffic in October 1973. To arrive at
the ADTT using the facility at this time, the data of Table 6 were increased,
assuming the rate of growth for traffic in this area to be 3 percent per year.

Traffic distribu;ion throughout the day was agsumed to vary in the manner
repeated earlier (1) and as shown in Table 7. To relate the axle load groups
to operations in each clasgification, the data of Table 8 were utilized; these
factors were determined from the W-4 loadometer studies by the Transportation

Laboratory Staff for the 1969-72 period.

qtiffness Characteristics of Asphalt Concrete. To estimate the stiffness charac-
teristics of the asphalt conérete in the two pavement sections, t+he Shell pro-
cedure was utilized¥*.

Tests on recovered asphalt from the pavement cores were performed by the
staff of the Transportation Léboratory. Table 9 contains a summary of asphalt
characteristics as well as other data obtained from tests in the cores.

Average reported fhermal characteristics (in English inches) were used for

this mix, i.e.:

. thermal conductivity = 0.70 (0.12 watt /meter - K)

[}

specific heat capacity = 0.20 (0.8 joule/Kg/K)

0.95

surface coefficient

to permit solution of the heat conduction equation (1) to in turn estimate
temperature profiles for a range in conditions.

A time of loading of 0.02 sec was assumed to be representative for moving
traffic at this location.

Using the computer program TEMPS 2 (1) the average stiffnesses for each

%
Measured values from the fatigue tests provided comparative values at 0.1 sec
loading time and at a temperature of 63°F (20°C).
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TABLE 7 - ANNUAL AVERAGE DAILY TRUCK TRAFFIC, STATEWIDE SURVEY-1967

Hour Percent Hour Percent

Traffic Traffic
12-1 2.8 12-1 5.2
1-2 2.7 1-2 5,6
2~3 2,9 23 5.7
3-4 3.1 3-4 5.7
4-5 3,5 4=5 5,4
P.M. 5-6 4.1 P.M, 5-6 4,5
6~7 4.2 67 3.8
7-8 4.3 7-8 3.5
8-9 4.8 8-9 3,3
9-10 5.0 9-10 3.2
10-11 5,2 10-11 3.3
11-12 5.2 11-12 3.0

TABLE 8 - MONTHLY WHEEL LOAD FACTORS EASED ON W4 LOADOMETER STUDIES

CALTFORNTA - 1969-1972

A?;:p:§ad 2-Axle 3-Axle 4-Axle s-gxle | © OF More
Under 3 8,828 0.407 1,140 0.726 1.552
3-6.999 16.029 16.869 20,107 17.222 21,568
7~7.999 1.445 6,613 7.780 5,886 7.168
8-11.999 2.481 13.094 20,994 19.204 32.948
12-15.999 0.879 6.195 7.327 17,525 19.145
16-16.250 0.057 0.415 0.621 2,830 1.423
16.251-17.999  0.169 1,006 1,433 9.093 4,101
18-18.5 0.049 0.232 0.341 1,422 0,516
18.501-19.999  .048 0.163 0,330 0.593 0.486
20-21.999 0.012 0.049 0.049 0.126 0.661

- [22-23,999 0.004 0.011 0 0.052 0,685
24-25.99 0.001 0.006 0 0.035 0,338
26-29.999 0.001 0.021 0 0.018 0.081
30 or over 0 0 0 0.005 0

wwwfastio.com
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TABLE 9 - IN-SITU CHARACTERISTICS OF ASPHALT CONCRETE
IN BLYTHE PAVEMENT

Recovered asphalt penetratiom, dmm

77°F, 5 sec, 100 gr 51
Ring and Ball Softening Point, °F 122 (50°C)
Unit Weight of Mixture, 1b per cu ft 155 (2423 Kg/m3)
’ Percent Air Voids | 6,0
? Volume Comcentration of Aggregate, Cv 0,85
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hour in a representative day for each month of the year (Table 5) are determined.

These values were then grouped to obtain the frequency matrices shown in Table 10

for the 0.8 ft (244 mm) section and in Table 11 for the 1.50 ft (457 mm) section.

Structural Analysis. Using the ELSYM 5 program together with the stiffness

moduli shown in Tables 10 and 11, a representative subgrade stiffness (resilient
modulus) of 25,000 psi (173 MN/mz), and a range in axle loads, tensile strains
on the undersides of both pavement sections were computed. Results of these
computations are summarized in Tables 12 and 13.

As a part of the analyses, mode factors (1) were also determined. While both

sections can be considered as relatively thick, because of the low stiffnesses
resulting from the high temperatures, it is possible that for a considerable por-
tion of the year, mode-factors intermediate between the controlled~stress and
controlled-strain values will be obtained. Moreover, even in the 1.5 ft. (457 mm)
section the controlled strain mode might be approach for the condition of low
stiffness and heavy 1oéd. This point is illustrated in Fig. 34.

An examination of the influence of the magnitude of stiffness reduction on
the mode factor was made since this assumption might influence the result of
analysis. Stiffness reductions of 20, 25, and 40 percent were used in the com-—
putafional process. Table 14 summarizes these results for selected axle loads.
As noted in this table, for the range of stiffnesses considered, there is little
influence of the amount of stiffness reduction on mode factor. For the fatigue

analysis reported subsequently, a 40 percent reduction was used.

Fatigue Analysis. In an earlier section it was indicated that the actual number

of repetitions associated with eracking will be larger than the number estimated
from laboratory controlled-stress tests, in part due to differences in crack
Propagation in the actual pavement as compared to laboratory specimens.

One alternative is to shift the laboratory determined curves by some factor
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TABLE 12 - STRAIN ON UNDERSIDE OF ASPHALT CONCRETE AS A FUNCILON OF ASPHALT
CONCRETE STIFFNESS - 0.8 FT. {244 #MM) PAVEMENT: IN. PER IN, =x 1074

Asphalt Concrete
Stiffnezzi; 1.1x10%08.0x10° 15.0x10° [3.0x10% [1.4 x 10° |6.0 x 10% [3.5 x 10% [2.5 x 10
Wheel load -1bs.

750 .1094 | .1398 2032 | .2997 i .5028 | .7903 | .976 | 1.081
1,250 .1740 | .2260 .3279 | .4786 | .7868 | 1.218 | 1.495 | 1.652
1,875 2522 | .3263 .4691 | .6771 | 1.098 | 1.684 | 2.058 | 2.267
2,500 3226 | .4145 .5902 | .8441 [ 1.356 | 2,059 | 2.503 | 2.749
3,500 L4256 | .5435 7668 | 1.088 1§ 1.729 | 2,596 | 3.132 | 3.425
4,250 4938 | .6279 8814 | 1.244 | 1.963 | 2,918 | 3.502 | 3.818
4,750 5358 | .6798 .9515 | 1.339 | 2.102 | 3.106 | 3.713 | 4.041
5,250 .5761 | .7295 1,018 | 1.430 | 2.233 | 3,280 | 3.908 | 4.245
5,750 6146 | .7770 1.082 ! 1.515 | 2.355 | 3.441 | 4.086 | 4.431
6,250 .6506 | .8211 1.141 | 1.593 | 2.465 | 3.580 | 4.237 | 4.586
7,000 .7028 | .8a53 1.226 | 1.706 | 2.621 | 3.777 | 4.450 | 4.818
8,125 7752 | .9737 1.343 | 1.857 | 2,825 | 4,042 | 4.799 | 5.208

PABLE 13 - STRALN ON UNDERSIDE OF ASPHALT CONCRETE AS A FUNCTION OF ASPHALT

CONCRETE STIFENESS — 1.5 FT (457 M) PAVEMENY; IN.PER IN., x 1074
Asphalt Concrete
Stlff“egii; 1.1x10%8,0% 10°!5.0 x 10|30 x 10%|1.4 x 10° | 6,0 x 10%]3,5 x 10*{ 2.5 x 20"
Wheel load -~ lbs.

750 .04054 | .05079 | .07052 | .1003 L1661 | .2674 | L3364 | L3761
1,250 .06159 | .07824 | .1115 | .1631 .2759 | L4424 | ,5515 | .6130
1,875 .08843 | .1137 | .1645 | .2425 .4093 | .6485 | .8031 | .8903
2,500 1150 | .1490 | .2168 | .3195 5342 | .8371 | 1.033 | 1.143
3,500 L1578 | .2049 | .2980 | .4366 7215 | 1.123 | 1.378 | 1.523
4,250 .1890 | .2454 | .3557 | .5184 .8504 | 1.314 | 1.613 | 1.78L
4,750 .2093 | .2715 | .3926 | .5702 .9316 | 1.436 | 1.760 | 1.941
5,250 2293 | .2071 | .4284 | .6204 | 1.020 | 1.553 | 1.901 | 2.096
5,750 .2488 | .3220 | .4632 | .6689 | 1.086 | 1.665 | 2.036 | 2.243
6,250 L2678 | .3460 | .4965 | .7152 | 1.158 | 1.771 | 2.163 | 2.381
7,000 .2956 | .3812 | .5450 | .7825 | 1.262 | 1.925 | 2.346 | 2.580
8,125 .3354 | .4311 | .6136 | .8772 | 1.408 | 2.138 | 2.597 | 2.852

" )
To obtain stiffness in MN/m2 multiply values showm by 6.9 x 1073
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TABLE 14 - INFLUENCE OF STIFFNESS REDUCTION IN ASPHALT
CONCRETE LAYER ON MODE FACTOR#*

Mode Factor

Axle 10.2 in. (259 mm) Pavement ! 18.0 in. (457 mm) Pavement
Load % Btiffness Reduction % Stiffness Reduction
- 1b

20 25 40 20 25 40

Asphalt Concrete Stiffness — 500,000 psi (3,450 HN/m?)

14,000 -0.390 -0.390 -0.494 -0.500 -0,515
17,000 -0.344 -0.370 -0.478 -0.481 -0.496
15,000 -0.331 -0.358 -0.462 ~0,468 ~0.484

21,000 -0.31 -0.333 -0.357 -0.452 -0.472

Asphalt Concrete Stiffness - 25,000 psi (173 MN/mz)

14,000 0.883 0.880 0.881 1 0,897 0.874
17,000 0.91 0.888 0.878 0.388 0.907 0.898
19,000 0.886 0.883 0.888 0.910 ¢.909
21,000 0.888 0.885 0.854 0.912 0.912

%
Computations made for the subgrade modulus of 25,000 psi (173 MN/mz)
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(e.g. 3, as was done by gantucel (1))- Alterpatively both controlled—stress and
controlled—strain tests could be performed and use made of the mode factor. This
latter was the procedure followed for the Blythe project.

in Fig. 33 some difference in fatigue respomnse between the two modes of
loading is observed. At this temperature the mixture stiffness is about 300,000
psi (4,140 MN/m?). From an examination of Tables 10 and 11 it will be noted
stiffnesses as low as 25,000 psi (173 MN/m?) have been estimated., At such low
stiffnesses it is expecﬁed that the differences between controlled—-stress and
controlled—-strain tests will be even larger than those occurring at 68°F (20°C).
gince it is difficult to test mixes at such low stiffnesses with the equipment
used to develop the fatigue data in all of the investigations thus far (1), it
was necessary to prepare an estimate of the locatién of the controlled strain
curves relative to the controlled stress curves. Data developed for the Folsom
project (1) as Qell as the data developed in this study were used to prepare the
estimates.

A schematic diagram of the procedure is shown in Fig. 35. At high gtiff-~
ncesses (or 1 ¥ 106 psi (6,900 MN/m?)) it is assumed that there will be no dif-
ference in fatigue response between the TWO modes of loading. As the stiffness
decreases, the difference will increase as sSeen in Fig. 35.

For a particular gtiffness it is possibly using this approach to estimate the
cpntrolled—strain curve from the controlled—stress relationship. While controlled—
stress rests were only performed at 68°F (20°C), the data presented in earlier
reports (1) permitted estimation of the relationships at other temperatures.

{ith curves SO constructed and mode factor estimates 1ike those made for
the Indio project, the applications to failure for the various 1loads and stiff-
nesses were estimated and are summarized in Tables 15 and 16 . These data provided
rhe necessary input to ascertain when the pavements would exhibit distress using

the lineal summation of cycle ratios cumulative damage hypothesis (PROGRN&FAIIGZ'
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6'3 )é'z)f/

AN = number of stress applications
in controfled - siress test minus
number of cpplications in
controlled-strain test

-

log Stiffness

(@) Influence of stiffness on difference between controlled-

Fig. 35 - Schematic representation of estima

stress and conlrolled- strain fatigue curves.

A
at Stiffness S,
€x .
€2
& Controlled €
£/
?
Controlled o

log N¢

(b) Controlled-strain fatigue curve determined from
data in (a), above, and controlled- stress fatigue curve.

tion of controlied strain

to fatigue data at low stiffness values.
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TABLE 15 - FATIGUE LIFE ESTIMATE - 0,8 FT, SECTION
BLYTHE PAVEMENT

Wheel APPLICATIONS TO FAILURE - N
Lfbasd AT STIFFNESSES VARYING FROM 1.1 % 106 to'2.5 x 104 psi*
Stiffness Group of Table 10
750 - @ - »  13.0x107|5.2 x10%| 2.2 x10°
1,250 @ = @ = |5.0x10% 4.6 x107|1.6 x10°
1,875 - - o |2.4x10%1.3 x10°%) 7.8 x10% 2.0 x 107
2,500 = = |2.3x10%(1.0 x10%|4.6 x10°| 2.3 x10%] 5,4 x10°
3,500 oo « 9.0 x10°(3.5 x10°|2.0 x10°| 6.4 x10°] 1.2 x10°
4,250 ©  [1.01x10%4.8 x10°|2.0 x10°|1.1 x10%]2.9 x10%| 4.9 x120°
4,750 = 8.0 x10°|3.7 x10°|1.5 x10°|8.6 x10%|2.0 x10°}3.3 x10°
5,250 © 6.0 x10°|2.7 x10°]1.1 x10°|6.4 x10*|1.4 x10%|2.3 x 10°
5,750 »  [4.2 x10°]2.1x10°|8.8 x10%[4.8 x10%|1.0 x10°{1.6 x 10°
6,250| = |1.03x10%(3.6 x10°|1.6 x10°|7.0 x10%|4.0 x10%(8.0 x 10%{1.1 x 10°
7.000| = 8.4 x10°|2.7 x10°|1.1x10°|5.5x10%[2.9 x10%|5.4 x 10%]7.6 x 10%
8,125 = [5.9 x10°|1.07 x10°|8.2 x10%|3.6 x10%|2.1 x10%{3.6 x 10*{ 4.4 x 10%

% -
MN/m2 = 6.9 x 10 3 & (stiffness in psi).
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TABLE 16 = FATIGUE LIFE ESTIMATE -~ 1.5 FT, SECTION

BLYTHE PAVEMENT

55

Wheel APPLICATIONS TO FAILURE - N

- Iic;aasd AT STIFFNESSES VARYING FROM 1.1 x 106 tol2.5 x 10% psi*

Stiffness Group of Table 11
750] - w w o ® @

1,250 = « w o w = o
1,875 = o = @ m © 1.4 x 10°]2.5 x 107
2,500| = @ @ - = 16.6 x 107]3.6 x 108]5.5 x 108
3,500] e m « ® 11,9 x1076.6 x 107]1.1 x 10°
4,250 w o w w 7.0 x 10%/9.2 x 10%3.0 x 107[5.4 « 107
4,750 = « = ]5.0 x 20°/6.4 x 105(1.5 x 107|3.5 107
5,250] = - o = (3.5 x 10%/4.2 x 10%]1 1 107]2.0 x 107

] 5,750 = @ @ = 2.6 x 10°(3.1 x 108]7.6 x 105 1.3 x 107

. 6,250] - = = 2.0 x 16%2.3 x 10554 x 105 8.6 x 10°|
7,000] m @ © |13 x 10°|1.5 x 108]3.6 x 106 5.2 x 10°
8,125 - = 2.3 % 10°(9.0 x 105]1.0 x 105|5 o 10°%(3.7 « 105
x 9 3

MN/m”™ = 6.9 x 10~ x (stiffness in psi).
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According to the analysis both pavements should exhibit fatigue lives

greater than 50 vyears.

From an examination of thecontrolled—straincurves, however, it would appear
that the wvalues so obtained might provide an upper bound. Accordingly, analyses
were performed in which the resulting fatigue curves were adjusted by a factor
of 10-l and ZL(}_2 in fatigue life; this is, the éstimated curves were shifted by
factors of 10 and 100 to the 1eft (shorter lives)

These adjustments had no measurable effect in the service 1ife of the 1.5
ft. (457 mm) thick section in that its estimated life remained inexcess of 50 years,

Tor the 0.8 ft.r (244 mm) thick pavement, on the other hand, the Il.()-l adjust-
ment reduced the fatigue 1ife to about 2lyears while the 10—2 adjustment Te-
duced the fatigue life to about three years.

While one cannot provide a definitive recommendation at this as to gpecific
fatigue criteria to use, analysis of the type described in this section should pexr-
mit the development of design criteria for California conditions. The fatigue tests

performed to date provide useful data to assist in the development of such criteria.

WILLITS PROJECT
This project consisted of an instrume.nte.ci full depth asphalt concrete sec—
tion as a portion of the widening of U.S. 101 through the city of Willits in

Northern California. The 1.0 ft. (305mm) thick pavement was placed directlyomn

the subgrade as shown in Fig. 36.

Only limited testing was performed on the materials of this project.
Tests included resilieant moduli determinations on the silty sand subgrade
for a range in water contents and repeated load triaxial compregsion tests
on two cores of the asphalt concrete.

Results of repeated load triaxial compression tests in the silty sand

subgrade* are shown in Fig. 37. Interestingly, the modulus of this material

I

%
R value = 60; liquid 1imit = 24; plasticity index = 3; percent passing
No. 200 sieve = 33 percent.
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appeared to be sensibly independent of stress state, this in contrast to the data
reported for the Blythe and Indio projects.

One of the major purposes of this project was to examine the reproduci-
bili;y of the repeated load triaxial compression test as performed by laboratories
with membership in the Triaxial Institute for Structural Pavement Design. The
results of this cooperative study are desﬁribed in the Transportation Labora-
tory Report.

In addition to compafing the results of the laboratory tests, an estimate
of the design of the pavement were made utilizing the laboratory results and a
fatigue criterion for the asphalt concrete layer. The Transportation Laboratory

Report also summarizes the various estimates,

SUMMARY
Tn this section of the report, studies associated with three State of
California Transportation Laboratory in-situ pavement investigations have been

briefly described. These studies suggest the following:

1. FElastic layer theory predicts reasonably well the response
of thick asphalt pavement to load using laboratory measured
response parameters, e.8., resilient moduli for repeated load
triaxial compression tests. Comparison of predicted and
measured response of the Indio pavement at high temperatures
asubstantiates this conclusion since the deformation pattern
computed within the layer is similar to that as measured by

IVDT's so long as appropriate stiffness moduli are used.

2., The analysis of the Indic pavement as well as the results
of analyses presented by a number of other investigators
(e.g., Witezak and Nunn) suggest that for high temperatures

large tensile strains may be developed in the upper part
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of the pavement structure contributing in turn to surface

cracking,

Prediction of the service life of the Blythe pavement

demonstrates a procedure whereby fatipgue criteria might
be evolved for California conditions using the fatigue
results developed from the University studies over the
years in conjunction with the analysis of the performance
of in-situ pévements for which detailed material charac-—
teristics, environmental conditions, and traffic loading

are known.
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PART 3: PERMANENT DEFORMATION CONSIDERATIONS

INTRODUCTION

A part of the investigations has been concerned with the problem of
estimation of or minimizing permanent deformation {or distortion) in asphalt
concrete pavement systems. Table 17 contains a summary of the various forms
of distortion resulting from both traffic and non-traffic causes. In this
report only distortion resulting from traffic associated causes will be
examined.

As seen in Table 17 traffic-caused permanent deformation can result from:
(1) a single or comparatively few excessive loads, (2} a large number of repeti-
tively applied loads, or (3) long term (or static) loads. While all three
loading conditions will be discussed, the.research effort has been concerned
with deformation resulting from comparatively large numbers of repetitively
applied loads.

Little attempt has been made to predict the rutting resulting from plastic
flow 6r shear distortion associated with 2 single or comparatively few exces-—
sive loads since the concern of the engineer has been to 'design" the material
to resist such loads with materials design being predicted on shear strength
characteristics, sometimes expressed in terms of the Mohr—-Coulomb parameters
¢ and C (e.g., 22, 23), This approach has also been applied to the design
of pavements to resist rutting from repetitive traffic loading and tests such
as the "R" value (24), the CBR (23), or triaxial compression to determine ¢ and
C under specific conditions (e.g., specific time of loading and temperature for
asphalt concrete) (26, 27) have been widely utilized. Both TE 71-8 {28) and refer-
ence (27) contain recent summaries of such methodology.

The general framework used to either predict or minimize permanent de-

formation from repeated loading is shown in Fig, 2. As noted earlier, this
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TABLE 17 - EXAMPLES OF THE DISTORTION (PERMANENT DEFORMATION)
MODE OF DISTRESS FOR ASPHALT PAVEMENTS

General Specific Causative Example'of
Cause Factor Distress

Single or compara— Plastic flow
tively few excessive (shear distortion)
loads

Traffic-load Long term (or static) Creep (time dependent)

associated load deformation
Repetitive traffic Rutting (resulting from
loading (generally accumulation of small
large number of repe- permanent deformations
titions) associated with passage

of wheel loads

Expansive subgrade Swell or shrinkage
soil*®
Non-traffic Compressible material Consolidation
associated underlying pavement settlement
structure
Frost—-susceptible Heave (particularly
material differential amounts)

%
Soils in this category exhibit high shrinkage as well as swell characteristics,
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has the same format as the system developed for fatigue. Also, as with fatigue,
it will be assumed that a pavement section will be available, .having been
"designed" by a procedure such as the State of California MR" value method.

Two approaches are available to consider rutting from repeated traffic
loading; both have been examined as a part of this study. In one method the
vertical compressive strain at the subgrade surface is limited to some tolerable
amount associated with a specific number of load repetitions (e.g. Shell (15)).
By controlling the characteristics of the materials in the pavement section
through materials design and proper construction procedures (unit weight or
relative compaction requirements) and by insuring that materials of adequate
stiffness and sufficient thickness are used so that this strain level is not
exceeded, permanent deformation equal to or less than some prescribed amount
is thus assured,

The other procedure involves an estimation of the actual amount of rutting
which might occur using appropriate materials characterization information
together with an aﬁalysis procedure assuming the pavement structure to be repre-
sented as a layered elastic or viscoelastic system., In this investigation
emphasis has been placed on the elastic rather than the viscoelastic methodology,

reasons have been detailed in Report TE 73-5 (29).

LIMITING SURGRADE STRAIN CRITERIA

A number of limiting subgrade strain criteria have been developed for
highway pavements. The Shell investigators (15) were the first to suggest
this approach and their criteria are summarized in Table 18. These limiting
strain values were developed by elastic analyses of pavements designed according
to the CBR procedure and pavements in the AASHO Road Test. Considering the
performance results>of the AASHO Road Test in terms of rut depth, the strain
criteria listed in Table 18 are probably associated with ultimate rut depths

of the order of 3/4 in. (1.9 cm).


http://www.fastio.com/

TABLE 18 - ALLOWABLE SUBGRADE COMPRESSIVE STRAIN VALUES
CORRESPONDING TO DIFFERENT LOAD APPLICATTONS

Weighted Load Compressive Strain
R , on Subgrade
Applications . .
in, per in.
10° 1.05 x 1073
10° 6.5 x 10°%
107 4.2 x 107%
108 2.6 x 1072

*
From Reference (13).
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As a part of this investigation paﬁement structures designed according to
the State of California procedure were analyzed by the procedure described in
Report TE 71-8 (28), that is the pavement structure was assumed to behave as a
layered elastic solid. While a range in limiting subgrade strain values were
obtained depending on the stiffness characteristics assigned to the various com-
ponents, a specific set of values could be defined for stiffness conditions similar
to those used to establish the Shell criteria. These values are shown in Fig. 38.
For comparison the values used in the Shell design procedure (Table 18) are also
shown.

In Fig. 38 it will be noted that the computed values are less than those
suggested by Shell; it is probable that smaller limiting values of permanent de-
formation occur in pavements designed by the California procedure%*.

Hicks and Finn (30) have analyzed the various sections of the San Diego Test
Road in the same manner, and the results of their analyses are shown in Fig. 39a.
The resulting strain values tend to be more conservative than those shown in
Fig. 38 obtained from an analysisﬁﬁ pavements designed according to the California
procedure. In this test road, however, relatively small values of permanent de-
formation were obtained at the time that the criteria were developed, Fig. 39b.

It would appear that the limiting subgrade strain criteria developed as a
part of this project are reasonable values to use to minimize permanent surface
deformation ceontributed by the subgrade and are recommended should the State con-
sider pavement design using elastic layer theory. Santucci has already incor-
porated these criteria in a new design procedure for pavements with asphalt con-

crete or emulsion-treated bases (7).

*While precise values are not available, it should be noted that some engineers

who have observed the performance of asphalt pavements in California have stated
that ruts were relatively small in the failures which they have observed. Cracking
prior to rutting appeared to be the major mode of distress.
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RUTTING ESTIMATION FROM REPEATED TRAFFIC LOADING
A number of procedures have been suggested to estimate the amount of

rutting from repeated traffic loading. They may be categorized as:

(1) Use of elastic layered system to represent the pavement

structure and materials characterization by:

(a) repeated load triaxial compression tests

(b) creep tests (particularly for asphalt-bound layers)

(2) Use of viscoelastic layered system to represent the pavement
structure and materials characterization by means of creep

tests.,

In this investigation efforts have been directed to determination of rutting
by method 1(a) above.

- Since the inception of this study, a number of iInvestigators have
published research results concerned with rutting; these will be briefly

summarized also.

Rutting Prediction with Pavement Represented as an Elastic Layered System

Based on Laboratory Repeated Load Tests. A number of investigators, iancluding

Heukelom and Klomp (31), Barksdale (32) and Romain (33), have suggested that

rutting estimates can be cbtained by:

(1) assuming the pavement to be represented as a layered elastic
system to determine the state of stress and/or strain resulting

from surface loading; and

(2) using appropriate constitutive relationships defining permanent
. strain as a function of stress state to estimate the amount of
rutting corresponding to some specified number of load

repetitions.
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General Procedure. More specifically, relationships between the plastic strain

and applied stress must be available for each of the pavement components; i.e.,

P .
€ £ (Uij) (8)
where:
ef = plastic or permanent strain
c,. = stress state
1]

For a particular layer it is then possible to estimate the permanent deforma-
tion occurring in that layer. This is done by computing the permanent strain
at a number of points within the layer, the number being sufficient to reasomably
define the étrain variation with depth. Permanent deformation is then deter-
mined by summing the products of the average permanent strains and the corre-
sponding difference in depths between the locations at which the strains were

determined, Fig. 40, i.e.:
P T (.p
Gl(x , y) = Zl[sldzi] 9)

where:

§P(x , ¥) = rut depth in the =B position at
+ point (x,y) din the horizontal plane.
Az,
Eg = average permanent strain at depth (zi +-—§ll
Azi = difference in depth,

Total rut depth may be estimated by summing the contributions.from each layer,

With the knowledge of plastic strain at various numbers of load repeti-
tions, the development of rutting with increased traffic loading can thus be
estimated.,

Cumulative Loading Considerations. Normally in the laboratory the constitutive
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relationship of equation'(B } will be defined for a gpecific material by
application of stresses of a single magnitude, Since the actual stress
sequence is not known in the field, it is desifable to have a cumulative
loading hypothesis similar to that for fatigue in which the effects of
mixed traffic could be predicted from the results of simple loading tests.

In Report TE 73~5 (2%) such methodology was suggested and can be
briefly summarized as follows:

At least two methods are available to obtain the cumulative
permanent strain from the results of simple loading tests: (1) a
"time—hardening" Procedure, and (2) a "strain—hardening'procedure;
both are illustrated schematically in Fig. 41,

.In the "time-hardening" method, if the specimen is loaded for
N repetitions of stress state G,

1 1
will be SE(N) - The equivalent number of repetitions, Ni » at

» the resulting permanent strain

stress Ué which would have given the same permanent strain is

obtained as shown in Fig. 41 . TIf further N2 applications of 9,

are applied, the total strain will following the path as shown in
Fig. 4la,

The "strain-hardening" procedure, also illustrated in Fig, 41,

requires determination of ei after N repetitions of stress o, ,

i 1

The number of repetitions at stress Eé is then taken equal to Nl,

and a further N2 application is applied., Total permanent strain
, P . p
is the sum El and 82 .

While neither method provides a solution which agrees quantitatively with
experimental results (for the limited data reported in TE 73+5) it would appear
that the time—hardeﬁing procedure provides better agreement if the stress levels

are successively increased, whereas the strain~hardening method provides closer
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agreement if the loads are successively decreased, Moreover, the procedures
appear‘toprovide"ﬂounds" for the amount of permanent deformation to be ex-
pected (also as noted in TE 73-3),

The time hardening procedure has also been suggested by van de Loo 34
as a means of developing equivalent wheel loads to simplify rutting estimates,

Appendix B contains a summary of this methodology.

Summary of Previous Investigatioms. A number of investigators have used this

approach to predict permanent deformation in either a portion of or imn the
total pavement structure including Barksdale (32), Morris, et al (35), McLean
and Monismith (36), Freeme and Monismith (37), Smaith (38) and Brown and
Snaith (39).

Brown, et al (40) and Monismith, et al* (41) have reported the results of
repeated load triaxial compression tests on subgrade type materials. Water
content, dry density, stress state as well as number of load applications in-
fluence the development of permanent strain. Results of repeated load testing

can be expressed in equations of the form:

B (10)
p
AG = ——— 1)
L + meP

where:

el = permanent strain
Acg = applied stress
N = number of stress applications
A, b, %, m = experimentally determined coefficients

%
Described in detail in Report TE 73-5,
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For granular materials, Barksdale (32 has developed considerable data.

An equation of the following form appears to represent the test data:

Q [INJU

1/Ro™ ~

= /Koy : . [Ji}n (12)
ERf(l - sin ¢)

1

" 2(C cos ¢+ o

3 sin ¢)

where:
Kc3 = relationship defining the initial tangent modulus
as a function of confining pressure
C = cohesion
¢ = angle of internal friction
R_ = constant relating compressive strength to an asymp-
totic stress difference; 0.73 éfRf 1
and these parameters are determined at a specific number of stress repetitions,
N, .

0

For asphalt concrete a number of approaches have been suggested including

those developed by Morris, et al (35), McLean and Monismith (gé), and Snaith (38).
Morris, et al (35) have developed regreésion equations for the laboratory
test data over a range in temperatures and for a range in stresses, both ten-

gile and compressive., The functional form of their expressions is as follows:
eP = £(o; 5 054, T, N) +E (13)

where:
E = estimate of error

Similarly, McLean and Monismith (36) have fitted to their test data a

third order polynomial of the form:

Poc + Cl(log N) + Cz(log N)2 + 03(1og N)3 (14)

log ¢ 0
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with the influence of stress state, time of loading anqg temperatyre reflected
in the coefficients C0 , Cl-, 02 » and ¢3 .
Snaith (38) has éxpressed his data by an equation of the form:

log P = (a+1p log t) (15)

Permanent deformation with that reported by Hofstra and Klomp (42) from ob-
Servations of rutting in 3 laboratory test track. Compafisons of estimated
Tesults with those measured are contained ip Fig.43 %, Yhile the mixtures are

different (as noted in the footnote), the shapes of the curves are similar,

—_—

%
It should be noted that the pix tested by Hofstra and Klomp (42) contained g

mix with Jlesg than 2 percent air voids, The mix, used to make the analysisg

shown in the figure, by comparison contained ap 85-100 Penetration asphalt :
cement and had g void content ip the range of 4 o 6 percent. At the 86°F (30°c)
temperature ang time of loading regorted by Hofstra and Klopp, this mix
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indicating the potential applicability of such a procedure.

Snaith (38), usingrthe same approach and the equations which he developed,
predicted accumulation of rutting with load applications of the same form as
shown in Fig, 43 .

Barksdale (32) has used this methodology to provide a relative indication
of the rutting potential of differenf granular materials when used in a par-
ticular pavement structure. His results are illustrated in Fig. 44 in which
the rutting potential is shown in.terms of a rut index rather than in terms of
actual rutting which might be associated with the different materials,

MecLean and Monismith (36) have also used this procedure to examine the
influence of certain designer controlled variables on the rutting which might
occur in thick asphélt bound layers., Results of these analyses are shown in
Figs.45, 46, and 47.

The influence of the stiffness of the ésphalt concrete on rut depth is
illustrated in Fig. 45. Reducing the stiffness by a factor of two increases
the permanent deformation more than proportionally, indicating, at least from
the calculations presented, that the influence of stiffness modulus of the
asphalt concrete is substantial.

Fig. 46 illustrates, at least for this set of circumstances (hl==12:h1£305mm»
that the subgrade stiffness has practically no effect on the accumulation of
permanent deformation in the asphalt concrete layer. It must be recognized,
however, that subgrade stiffness will influence the total permanent deformation
at the pavement surface (a factor not considered in this analysis), and for a
given thickness, h1 » total deformation will increase as the stiffness is
reduced..

The influence of layer thickness on permanent deformation within the
asphalt~bound layér is shdwn in Fig.47 to be minimal, This same result was

reported by Hofstra and Klomp in their lahoratory test track étudy,


http://www.fastio.com/

76.

s500 [ T T T T
Estimated relationship —— —
for 100 % T-180 compaction. ="

4200} — ]
Crushed biotite
granile gneiss

x 00 1
D
v
<
~ Crushed porphyrite
5 granite gneiss
¢ F00+ =

100 —

100 % T-/80C Density
0o ] ] | ] 1
o 5 0 /5 20 25 30

Fines, percent

Fig. 44 - Variation of rut index with percent fines
for crushed granite gneiss bases after 100,000 load
repetitions. (after Barksdale (32)).
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This latter comparisom as well as those jilustrated earlier indicate that
tﬁe use of elastic theory for stress and strain distfibution together with a
constitutive relationship determined from laboratory repeated load tests has
the potential to assist in the estimate of permanent deformation accumulation
in thick asphalt—bound layers.

Based on Laboratory Creep Tests. The use of creep tests on asphalt concrete

together with elastic layer theory to represent the response of the pavement
structure to load is an alternative approach proposed by the Hills, et al (43),
van de Loo (44, 34), and Chomton and Valayer (43) to estimate the amount of
rutting o;curring in the asphalt bound jayer(s) of a pavement structure.
Observations of the development of rut depth with 1oad repetitions in
laboratory test tracks* provide data which, when suitably transformed, exhibit
the same shape as test results for laboratory creep tests in uniaxial compres—
sion; Fig 48 {llustrates such data. In this figure the quantities are estimated

as follows:

: = 15
(1) S ;. (laboratory creep) cr/emix (15}
where:
g = applied creep sStress, T (temperature) = constant

]
n

axial strain at particular time €

mix
Smix = corresponding mix stiffness at specified
temperature T » and time, t
= i6
@) S, ;¢ (laboratory creep) G/f-:bit (16)
where:

* R
Two layer pavements consisting of asphalt concrete resting directly on
subgrade.
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S, .. = asphalt stiffness (estimated using Shell procedure
bt (14)),

3 Smix (rutting test on field pavement =

Zo
o a7n

T

By

o

where:
7 = radius of loaded area Esubgrade i
= : ]

thickness of asphalt bound layer, Ho Easphalt concrete

GO = fire contact pressure

r = total rut depth at pavement surface
B = proportion of total rut depth in asphalt bound layer
(4) Sbit (rutting test) -- only the viscous component of Sbit is
estimated, termed [Sbit]
v
i.e., et = (18)

[Sbit] 3n
v

and
= ol . 19
3n=Lin (t + 5. ,.) (19)
tosoo
For the time of loading in the rutting test
t = at
W
where:

number of wheel bases

=
]

ct
i

time of loading for one wheel passage :

Recognizing different temperature conditions;
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To use this methodology requires: (1) measuring Smix in the laboratory; (2) esti-

mating S by the Shell procedure; (3) estimating (Sbit] from a knowledge of
v

traffic and temperature conditions and the nomographic procedure; and thence de-

bit

termining the rut depth, r, £from ZGOIB%%— for the specific pavement conditions.
0
Comparisons between estimated and computed wvalues are shown in Fig. 49,
While this procedure is applicable only for asphalt bound materials, that

should not be comsidered a limitation, however, since as suggested by van de

Loo (21), the creep test may have been described by Ugé and van de Loo (49).

Rutting Prediction with Pavement Represented as a
Layered Viscoelastic System

A number of investigations, e.g., Barksdale and Leonards (47) and Elliott
and Moavenzadeh (48, 49) have suggested that rutting can be estimated by assuming
the pavement to be represented as a viscoelastic layered system and using creep
tests to represent the response characteristics of the various materials in the
pavement structure.

Using the procedure terms VESYS II (50), the accumulation of permanent de-
formation in the same structure for which the results of the elastic analysis
‘Wére also reported (e.g. TE 73-5) was examined. Compliances were determined both
iin tension and compression and variations in botﬁ time of loading and total time
before the next is applied were considered. ¥Fig. 50 contains a summary of these
determinations (also individually reported in TE 73-5). In this figure it will
be noted that the permanent deformations which have been estimated using this
procedure are substantially less than those computed using the elastic analysis
for essentially the same coaditions. Moreover, the accumulation of permanent
deformation with number of load applications by this procedure does not exhibit

the same shape as observed in the studies of Hofstra and Klomp (Fig. 43).
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The reasans for these differences are not clear at this time and because

of these differences no further studies were directed to the viscoelastic

_ analysis in this investigation.

PROPOSED CHARACTERIZATION FOR PAVING MATERTALS
To provide a convenient form for the constitutive relationships described
in the previous section to permit estimate of rutting in the pavement structure,
Freeme and Monismith ( _E}_Q have suggested the use of a determinant for plastic

deformation (for the maximum distortion energy yield condition) termed the

.equivalent stress, E', and defined as:

—_arT 2 2 711/2 20
G=/_2—|_(Gl_02) +(02—03) +(c;3-cl)] (20}

A relationship, in turn, between this stress and plastic strain which can be

utilized is of the form:

=P
3 de
o — 1 = 21
degs =3 % Sy i,3=1,2,3 (21)
where:
de,, = the plastic strain corresponding to the deviator
t3 stress Sij

dZ = an increment of the "effective' or "equivalent™

P plastic strain defined by
1/2
_ V2 2 2
@, = F5[lae; - dep)® + ey - dey)® + (e - dsl)-zj

where dsl ’ dez and de3 are the principal strain increments.
In this equation it is seen that the plastic strain increments are
given and not the plastic strains themselves, In linear—elasticity the

current state of stress completely defines the state of strain but the cur-

rent state of stress cannot define the plastic strains measured from the
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virgin condition of the material. Any plastic deformation &one before the
current stresses were applied would have to be known before the total plastic
deformation can be defined.

If there is no unloading, if the principal stress ratios remain fixed,
and if the stresses remain in constant ratio throughout the loading history,
the strain increments can be integrated to give the total plastic straims.
These are referred to as the stress/strain relations of the "deformation
theory of plasticity."

In this investigation, an important simplifying assumption has been made,
i.e., that the conditions under which the dynamic triaxial tests are carried
out in the laboratory simulate the dynamic loading conditions which occur in
the pavement. It is then permissible in the case of permanent deformation -
to use the total strain approach to explain the resulis of dynamic triaxial
tests and to extrapolate these results to the multiaxial conditions in the
pavement.

In the pavement structure, the permanent strain in the vertical direction,

sz » occurring under multiaxial conditions is given by¥*:

P = R[c - 1/2(c + ¢ ):’ (22)
z Z x ¥
where:
Uz, 6 _, O_ = stresses in vertical, radial and tangential
y directions
=
R = = the ratio of total "equivalent' strain to
the "equivalent" stressk*
- %

Poisson's ratio is assumed equal to 0.5 in equation (22),

ik

For triaxial conditions the equivalent stress T = (¥, - ©.

1 3) and the total

equivalent strain = = 2/3 (sl - e3)
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It is possible that ratio R may be a unique relationship for many ma-
terials which will be dependent on T , number of stress applications, and, in
the case of untreated soils and granular materials, water comntent and dry
density.

For fiﬁe—grained soils‘it is possible to recast equation (;4) and to
lncorporate the influegce of stress repetitions so that the relationship R

will have the form:
b
R =t [_N_] (23)
where:

N = number of repetitions at which coefficients
°© £ and m are determined.

Similarly for untreated granular material, the ratio R can be expressed

as.

1/ka> b

- ko [_11.] (24)
g 1- ERf(l - sin ¢)

2(C cos ¢ + o

3 sin ¢)

For asphalt concrete am approach is to characterize the material by means
of the equation pertaining to time~dependent plastic deformation. The total
permanent strain in equation (22) then becomes time dependent as does the re-
lationship for R . From the triaxial compression test data like that reported
in TE 73=5, it is possible to formulate an approximate relationship for the rate

of change of R , i.e.,

3 ~1
;} = s(T)N"‘B'n (25)

where:

§(T) is a function of temperature, T

o and n are constants

wavwlastio.com


http://www.fastio.com/

ClibhPDF -

85

RECOMMENDED DESIGN (ANALYSIS) SUBSYSTEM

Based on the materiail presented thus far, it is possible to suggest a
design (or analysis) subsystem to permit estimates of rutting from repeated
traffic loading to be made, The format for this subsystem is shown in Fig, 2,
Like the fatigue subsystem (TE 70-5), the procedure involves estimation of
the occurrence of distress (in this case the amount of rutting). Having the
ability to make such an estimate permits the designer to select a section
which will minimize this distress mode. A brief deécription of the appro-

priate "blocks™ of Fig, 2 are included to illustrate the methodology.

Traffic (Block 1)

Vehicle (truck) characteristics required are: (1) axle and wheel loads;
(2) spacing of dual tires; (3) numbers of repetitions of trucks in various
categories; and (4) an estimate of lateral distribution.

The procedure is sufficiently general, provided the vehicles characteris~
tics are known, so that it can be applied to airfield Pavements, container

transfer facilities, and Parking areas as well.

Environment (Block 3)

Pavement temperatures are estimated froﬁ weather data using an available
solution of the heat conduction equation (e.g., procedure developed by
Barber (51)).

In addition, the effect of environment as it influences the water contents
(or effective stresses) of the untreated materials in the pavement section can
be considered. 1In non-frost areas estimates of the seasonal changes in water
contents (or effective stresses) can be incorporated. 1In conditions where
freezing and thawing occur, the work of Bergan (32) provides a means of defining

the subgrade characteristics.

Structural Analysis (Block 9)

Stresses and deformations resulting from wheel loadings are estimated
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assuming the pavement to be represented as a layered elastic structure and

the computer program ELSIM (53) 1is utilized.

Test Pavement Matexials {Blocks 7 and 8)

To estimate the stresses and deformations, the "alastic” or stiffness
characterisfics of the materials comprising the pavement structures must
be ascertained.

For untreated granular and fine-grained materials, resilient moduli deter-
mined from repeated load triaxial compression tests can be used (e.g. Ref. (28)
contains suggested test procedures.) "Eiastic" characteristics estimated by
other procedures can aléo be utilized, For asphalt-bound materials stiffness
characteristics, both as a function of time of loading and temperature, should

be defimed using one of the many availalbe procedures (1).

Distortion Prediction (Block 1)

To estimate the permanent deformation occurring in the pavement structure
requires determination of some relationship between plastic (permanent) strain

and applied stress, i.e,
p = l

for each of the components gsusceptible to rutting.
With such a relationshiﬁ, the permanent deformation occurring in a par-

ticular layer is estimated from

. o)
dz(x , 7)Y = L [eg . Az.] (9

i=1 L

Total rut depth is estimated by summing the contributions from each layer.

Determine Distortion Characteristics (Block 10)

At this time it is raecommended that the accumulation of permanent strain
with repetitive loading be determined for the respective pavement materials by

repeated load triaxial compression tests. Permanent strain at a point in the
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pavement structure in the vertical direction is, in turn, estimated using

equation (22):

- : ef = R{; -1/2(c_+o i] (22)
z Z X v

For fine grained soils:

: b
R =% [N (23)

S 1- uF'[N

‘ o

For untreated granular materials:
n
1/Ko, . b
o4 ch(l - sin ¢) No
L- 2(C » cos ¢ + Uy gin ¢)

In the case of asphalt-bound materials, temperature and time of loading

effects must also be incorporated as noted earlier, i,e.:

3 | -
: %= s - T (25)

where:

(T) is a function of temperature T

{absolute) with one form as:
(26)

s(T) = e AT

&, n, A = experimentally determined coefficients
For short times of loading the permanent vertical strain can be expressed

as a linear function of loading time, e.g., Fig. 51 (34) permitting simplifi-

cation of equation (25)%

" )
Recent data indicate that equatiom (25) 4is probably of the form:
d
-——aRg’ = s(mn"o™1ef

For the short times of loading considered herein, the linear function is a
reasonable approximation.
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Fig. 50 - Comparison of rut depth predicted using the
"total effective strain" approach with those predicted
by the "3 layer viscoelastic” approach. (from Ref. (37)).
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Summagz

By following the step by step procedure of Fig, 2 and using the deformation
characteristics as well as the measured or estimated stiffness characteristics
of the components, an estimate of the surface rutting can be ascertained. If
this value is excessive, a second section is evaluéted. This process is repeated
until a section which produces a tolerable level of permanent deformation is
obtained. Appendix C contains a4 computer program together with a user's guidé

to make this estimate.

RUTTING ESTIMATE FOR AN IN-SERVICE PAVEMENT
Using the procedure described in the previous sectioﬁ, the amount of futting
was estimated for an in—service pavement north of San Francisco, California, on
which some rutting had been observed. This provided an opportunity to assess the

Potential usefulness of the propesed methodology.

Pavement Section

The pavement section consisted of a layer of asphalt concrete approximately
12 in. (305 mm) in thickness resting on a lime-treated subgrade. From laboratory
repeated load tests a value of 10,000 psi (690 MN/HF) was selected for the sub-
grade modulus.

For this analysis the asphalt concrete layer was subdivided into three layers.
Traffic weighted mean stiffnesses (55) was estimated for each month throughout
the year based on pavement temperatures computed from available weather data for
the site. Resulting stiffnesses are shown in Table 19.

Loads applied to the pavement were estimated from traffic data supplied by

CALTRANS together withwheel load factors based on 1966-68 California loadometer studies.,

Distortion Characteristics - Asphalt Concrete
Léboratoryrepeated load triaxial compression tests were performed on cores taken

from the pavement. Only one temperature, 100°F (38°C) was used since only a
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oo  TABLE 19~ PAVEMENT STIFFNESS AND TEMPERATURE CONDITIONS
. Pavement
Layer Stiffness | Poisson's
Month Number Cpeik Ratio Tempfﬁgture &(T)

Januaty 1 2251983.0 | 0,35 44,5 9.17 x 1079
2 2300399.0 | 0.35 43.6 8.55 x 10 5
3 2314329.0 | 0.35 43.4 8.42 * 10
4 10000.0 |  0.47

February | 1 1896650.0 | 0.35 50.5 1.45 * 107
2 1949674.0 |  0.35 49.3 1.32 * 1007
3 1967260.0 | 0.35 48.9 1.28 * 10
4 10000.0 | 0.47

March 1 1752677.0 |  0.35 53.1 1.76 x 107
2 1822944.0 | 0.35 51.6 1.57 x 10_7
3 1847626.0 |  0.35 51.1 1.52 x 10
4 10000.0 |  0.47

April 1 1473234.0 0.35 58.1 2.55 % 10:;
2 1595049.0 | 0.35 56.0 2.18 * 10_%
3 1631915.0 | 0,35 5.2 2.06 x 10
4 10000.0 |  0.47

May 1 1123511.0 |  0.35 65.2 4,25 x 1007
2 1236298.0 | 0.35 62.7 3,56 x 107
3 1291435.0 | 0.35 61.8 3.34 % 10
4 10000.0 | 0.47

June 1 796965.0 | 0.35 73.0 .37 * 1077
2 §64294.0 | 0.35 70.0 5.96 * 107
3 896390.0 | 0.35 68.9 5.53 * 10
4 10000.0 | 0.47

July- 1 436867.0 |  0.35 85.5 1,71 * 1000
2 481359.0 | 0.35 80.5 1.25 * 102,
3 520573.0 | 0.35 79.0 1.11 % 10
4 10000.0 |  0.47

sugust 1 501140.0 | 0.35 82.3 1.38 * 100
2 553306.0 | 0.35 78.3 1.06 * 1075
3 590288.0 | 0.35 76.8 3.55 * 10
4 10000.0 |  0.47

September | 1 769806.0 | 0.35 73.9 7,83 * 1077
2 830136.0 | 0.35 70.9 6.35 * 107
3 858145.0 | 0.35 §9.8 5.89 * 10
4 10000.0 |  0.47

October 1 1194997.0 |  0.35 63.5 3.80 * 1077
2 1293172.0 | 0.35 61.6 3.28 x 10_7
3 1340212.0 |  0.35 60.9 3.13 x 10
4 10000.0 | 0.47

November 1 1766905.90 0.35 52.8 1.72 x 10_,
2 1817145.0 |  0.35 51.7 1.53 * 107
3 1533969.0 |  0.35 51.3 1.54 x 10
4 10000.0 | 0.47

December 1 2226276.0 |  0.35 46.9 9.46 x 1000
2 5263296.0 | 0.3 44,2 8.97 * 10_,
3 2272951.0 | 0.35 44.0 8.83 x 10
4 10000.0 | 0.47

\

“griffrness in I'IbT/mz = 6.9 % 1072
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limited number of cores (four) were ébtained. These first results are shown in
Fig. 52. The influence of temperature was ascertained from tests omn a similar
hix,data for which were reported in TE 73-5,

Analysis of the asphalt concrete mixture data reported in TE 73-5 sugéested

constitutive relationship between permanent strain and stress of the form:
P —
log 3/2 € =1log B+ nlog?d (27)

where

"l

, 0 = effective permanent strain and
equivalent stress respectively

n = laboratory determined coefficient
(0.72 - 0,82 for data in TE 73-5)

B = laboratory determined coefficient
dependent on temperature, number
of stress applications, N , and
mixture structure.
Data obtained at temperatures of 67° (19°C), 85°(39°C), and 100F (39°C) are
shown in Figs. 53=55.
At this time it is suggested that the coefficient B might be expressed

in terms of the above noted variables as:

B = prNCe AT (28)

where

T = temperature (absolute)

N

il

number of stress applications

o, D, A = experimentally determined coefficients

Plotting the data of Figs. 33, 54, and 55 as shown in Figs, 56 and 57 permits

.estimate of these coefficients:
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core specimens.
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estimate of these coefficients:

9,24 x 10° (Fig., 56)

(w)
]

A"1)

- o = 0.44 (Fig, 57)

Fig. 58 illustrates the relationship between equivalent stress and strain

for the core specimens tested 100°F (39°C) and at a time of loading of 0.07 sec.
Similarly: Fig, 59 illustrates the relationship between the ccefficient B

and the number c¢f stress repetitions., For this mix the values required for

equation (25) were determined to be

n=10,94
o = 0.44
. A=1.06 x 104 (obtained with D = 9,24 x 106; i.e.,

using the value obtained from data presented in
Figs. 53 through 55.

Rutting Estimate

Stresses were determined using the ELSYM program assuming the various
loads to be applied by dual tires, Permanent strains were estimated from
equation (25) assuming a linear dependency on time of loading; this resulted
in R having the form:

.-]_t

R = §(T)8°5 (29)

where:
t = time of loading, sec.

Table 20 contains the results of the computations for each month; the wvalues
for permanent deformation, corresponding to a time of loading of 0,07 sec.,
are the maximum occurring in the area between the centerline of the dual tires
and the center of one of the tires, The total estimated permanent deformation

is 0.93 in. (23.6 mm).
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TABLE 20 - COMPUTED PERMANENT DEFORMATION
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Permanent Deformation -~ in, X 10"

Average Specific Axle Loads
Month Air Temp.
°F 6 -20°] g-16°|] 7-8° | 3-7°F < 3*
January 42.4 .3938 4,98 3,184 5.50 2.15
February 47.2 L4003 5.04 3.21 5.53 2.17
‘March 48.2 .81 10,14 6,44 11.09 4,35
April 50.6 .81 11.14 7.34 13,19 5.08
May 56,1 1.47 19.09 12,31 21,51 8,38
June 62.4 2.26 33,28 20.85 - 36,30 14,15
July 66.8 5.79 74,82 46,63 82,40 31.93
August 66.6 4,91 63,15 39,34 69,20 26,86
September 62.9 2.66 34.56 21.81 38,48 14.92
October 57.0 1.26 16,61 10,70 18,94 7.34
November 49.4 .81 3.88 6.44 11,08 4,34
December 43,4 .39 4,98 3.19 5,49 2.15
Subtotal 22,3 281.6 181.4 318,7 128.8

% for all loads = 928 x 1073 inx

%

To convert deflection in inches to deflection in mm, multiply by 25.2.

www.fastio.com



http://www.fastio.com/

ChhPD

www.fastio.com

98

For the site under investigation the speed limit is 25 mph and rutting is
reported within 100 f£t. of a traffic signal. Assuming an average speed of 20
mph, the loading time in the field is estimated to be approximately 0.03 sec.
Thus the amount of rutting would be 3/7 of the value shown in Table 2, i,e.,
about 0.4 in. (10 mm).

Rut depth measured at the site was approximately 0.5 in. (13 mm). It would
thus appear that the methodology has the potential to provide rutting estimates
so long as appropriate material characteristics and climate and traffic data

are available.

EXAMPLE OF RUT DEPTH PREDICTION

The field example used to illustrate the potential applicability of the
procedure consisted of a full-depth asphalt concrete pavement section. In this
section a brief description is included of the applicable procedure to predict
rutting in a pavement with an asphalt concrete surface, a granular base, and a
fine-grained soil subgrade. Requisite characteristics of the various materials
required for the analysis are shown in Table 21.

Coefficients for the asphalt concrete were estimated from data like that
shown in Figs. 53-55. Values for stiffnesses of the various layers are shown
in Fig. 60. From the repeated load triaxial compression tests, some reduction
in the stiffness was observed with increased number of stress applications;
this stiffness decrease was incorporated in the analysis.

While there are no field results for comparison, the example presented
illustrate that "reasonable" results are obtainable, i.e., the form of the

relationships appear reasomnable.

EFFECT OF MIX VARIABLES ON RUTTING
In an earlier investigation (reported in TE 70-5) it was suggested that
to improve fatigue resistance in thick asphalt bound layers it would appear

worthwhile to increase the asphalt content of the mix in the base above that
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in the surface course. Shis recommendation was based on the observed improved
performance of mixes containing asphalt contents slightly in excess of those
resulting from the California mix design procedure (up to 1 percent greater).

It was not possible in this investigation to establish the influence of
the increased asphalt content on rutting potential due to time limitatiomns.
The procedure illustrated in the previous two sections does permit the influence
of this variable to be investigated so long as the appropriate laboratory test

data have been obtained. An investigation of this type would be a worthwhile

additional study.

SUMMARY

From a design standpoint, the procedure for limiting the rutting to some
prescribed amount based on limiting subgrade strain criteria would appear to
be a procedure which could be used with some confidence at this time since the
criteria have been developed from analyses of existing design procedures as
well as field trials.

The methodology described to estimate the actual amount of rutting from
laboratory repeated load tests together with elastic theory requires field docu-
mentation before such methodology can be used with confidence. MNevertheless,
while there are some limitations to this approach, e.g,, the effects of lateral
load placement are not considered; nor are the reversals of shear stress which

may take place with load passage and lateral distribution, the methodology does

produce results which are "reasonable! in form. Moreover, a limited comparison

indicates that the procedure can predict permanent deformations of the right order
of magnitude. Accordingly, it is suggested that such methodology can be used for
special situations to check whether or not rutting from repeated traffic loading
will be of sufficient magnitude to cause concern; if such is the case, the design
can be modified to insure that deformations do not exceed some reasonable pre-

seribed amount.
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TABLE 21— MATERTAL CONSTANTS USED IN RUT DEPTH CALCULATTONS
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’ c
Material K .
e psi ¢ N R
Type Coeff. _ o] £
Ry = 1)
Subgrade | 20,400 0 6.05 0 0.24 | 1.0 x 104 0.75 + 1.0
Soil
Granular | 8,800 0.108 0 50.1 0.15 1,0 % 105 0.75 +~ 1.0
Base
¥ and n in relationship Kcn , C = cohesion, ¢ = angle of internal
friction.
Material T, °F §(T) max §(T) min §(T) mean n o
Type ?
-4 -4 -4
Asphalt 100 1 x 10 2 x 10 1.5 x 10 0.335 0.457
Concrete

Coefficients for equation (25).

www fastio.com



http://www.fastio.com/

102

ACKNOWLEDGMENTS

The authors wish to acknowledge support provided this project by the
Institute of Transportation Studies (formerly ITTE) of the University of
California in the form of shop, office, and research faciiities,

fhis report was prepared in cooperation with the State of California
Business and Transportation Agency Department of Transportation and the
U. S. Department of Transportation Federal Highway Administration.

The contents of this report reflect the views of the author who is
responsible for the facts and accuracy of the data presented herein. The
‘contents do not necessarily reflect the official views or policies of the
State of Califormia or the Federal Highway Administration. Thisg report does

not constitute a standard, specification, or regulation.

ClihPD www.fastio.com


http://www.fastio.com/

ClibPD

10.

11.

12.

13,

103

REFERENCES

Monismith, C.L., et al., "Asphalt Mixture Behavior in Repeated Flexure,"
Report No. TE 70-5, University of California, Berkeley, California,
December 1970.

Deacon, J.A., "Fatigue Life Prediction,” Structural Design of Asphalt Con-
crete Pavements to Prevent Fatigue Cracking,"” Special Report No, 140,
Highway Research Board, Washingten, D.C., 1973.

Finn, F.N., K. Nair, and J. Hilliard, '"Minimizing Premature Cracking of
Asphalt Concrete Pavements," Final Report, Project 9-4, National Coopera~
tive Highway Research Program, Highway Research Board, Washington, D.C.,
February 1973. )

Heukelom, W., and A.J.G. Klomp, "Road Design and Dynamic Loadings," Pro-
ceedings, Association of Asphalt Paving Technologists, Vol. 33, 1964,
pp. 92-125,

Kinghan, R.I., "Failure Criteria Developed from AASHO Road Test Data,"
Structural Design of Asphalt Concrete Pavements to Prevent Fatigue Crack-
ing, Special Report No., 140, Highway Research Board, Washington, D.C., 1973.

Pell, P.S., and S.F. Brown, "The Characteristics of Materials for the Design
of Flexible Pavement Structures," Proceedings, Third International Confer-
ence on the Structural Design of Asphalt Pavements, London, 1972, Vol. 1,
University of Michigan, Ann Arbor, 1972.

Santucei, L.E., "Thickness Design Procedure for Asphalt and Emulsified
Asphalt Mixes," paper presented at meeting of Committee A2B02 - Flexible
Pavement Design, Transportation Research Board, January 1975.

van Dijk, W., "Practical Fatigue Characterization of Bituminous Mixes,"
Proceedings, The Association of Asphalt Paving Technologists, Vol. 44,
Mipneapolis, Minnesota, 1975, pp. 38-74.

Pell, P.S., "Characterization of Fatigue Behavior," in Structural Design
of Asphalt Concrete Pavement Systems to Prevent Fatigue Cracking, Highway
Research Board, Washington, D.C., 1973, pp. 49-64 (Special Report 140).

Verstraeten, J., "Moduli and Critical Strains in Repeated Bending of Bitumi-
nous Mixes — Application to Pavement Design,'" Proceedings, Third Inter-
national Conference on the Structural Design of Asphalt Pavements, London,
1972, Vol. 1, University of Michigan, Amm Arbor, Michigan, 1972, pp. 729-738.

Pell, P.S5., and K.E. Cooper, "The Effect of Testing and Mix Variables on
the Fatigue Performance of Bituminous Materials," Proceedings, The Associa-
tion of Asphalt Paving Technologists, Vol. 44, Minneapolis, Minnesota, 1975,
pp- 1-37.

Epps, J., Influence of Mixture Varizbles on the Flexural Fatigue and Tensile
Properties of Asphalt Concrete, Ph.D. Dissertation, University of California,
Berkeley, 1968.

Pell, P.S., Discussion of paper by Lister and Powell in Proceedings, The
Association of Asphalt Paving Technologists, Vol. 44, Minneapolis, Minnesota,
1975, pp. 111-114. : )

www fastio.com


http://www.fastio.com/

ClibPD

14.

15.

1s6.

17.

18.

19,

20.

21.

22.

23.

24.

25.

26,

27.

28.

104

Heukelom, W., "An Improved Method of Characterizing Asphaltic Bitumens with
the Aid of their Mechanical Properties," Proceedings, The Association of
Asphalt Paving Technologists, Vol., 42, pp. 67-98.

Dorman, G.M., and C.T. Metcalf, "Design Curves for Flexible Pavements Based
on Layered System Theory," Highway Research Board, Highway Research Record,
No. 71, Washington, D.C., 1965.

The Asphalt Institute, Full Depth Asphalt Pavements for Air Carrier Reports,
College Park, Maryland, 1973 (Manual Series No. 11).

Brown, S.F., and P.S. Pell, "A Fundamental Structural Design Procedure for
Flexible Pavements," Proceedings, Third International Conference on the
Structural Design of Asphalt Pavements, University of Michigan, 1972.

Witczak, M.W., Asphalt Pavement Performance at Baltimore-Washington Inter-
national Airport, The Asphalt Institute, College Park, Maryland, 1974
(Research Report 74-2).

Dehlen, G.L., The Effect of Non-Linear Materials Response on the Behavior
of Pavements Subjected to Traffic Loads, thesis presented to the University
of California, at Berkeley, California, in 1969, in partial fulfillment of
the requirements for the degree of Doctor of Philosophy.

Nunn, M.E., "Theoretical Evaluation of the Effect of Temperature om the
Fatigue Behavior of Bituminous Road-Bases,” TRRL Report LR 594, Transport
and Road Research Laboratory, Great Britain, 1973.

Peutz, M.G.F., H.P.M. van Kempen, and A. Jonmes, "Layered Systems under Normal
Surface Loads," Highway Research Record No. 228, Highway Research Board,
Washington, D.C., 1966.

Nijboer, L.W., Plasticity as a Factor in the Design of Dense Bituminous
Carpets, Elsevier Publishing Co., New York, 1948.

Saal, R.N.J., "Mechanics of Technical Applicatioums of Asphalt,'" Proceedings,
Symposium of Fundamental Nature of Asphalt, American Chemical Society, 1960.

California Division of Highways, "Test Method No. Calif, 301-F," Materials
Manual, Vol. 1, Sacramento, 1964.

U.S. Army Corps of Engineers, Flexible Airfield Pavements, Washington, D.C.,
U.S. GPO, 1957 (Document TM5-824-2).

Smith, V.R., "Triaxial Stability Methods for Flexible Pavement Design,"

Proceedings, The Association of Asphalt Paving Technologists, Vol. 18, 1949,
Pp. 63-94.

Monismith, C.L., and Y.M. Salam, "Distress Characteristics of Asphalt Con-

crete Mixes," Proceedings, The Association of Asphalt Paving Technologists,
Vol. 42, 1973, pp. 320-350.

Monismith, C.L., and D.B. MeLean, Désign Considerations for Asphalt Pavements,
Report No. TE 71-8, Berkeley, University of California, Institute of Trans-
portation and Traffic Engineering, 1971.

WL lastio.com e


http://www.fastio.com/

ClibPD

29.
30.

31.

32.
33.
34.
35.

36.

37.

38.

39.

40,

41,

www fastio.com

105

Monismith, C.L., D.B. McLean, and N. Ogawa, Design Considerations for
Agphalt Pavements, Report No. TE 73-5, University of California, Institute
of Transportation and Traffic Engineering, December 1973.

Hicks, R.G., and F.N. Finn, "Prediction of Pavement Performance from Cal-
culated Stresses and Strains at the San Diego Test Road," Proceedings, The
Association of Asphalt Paving Technologists, Veol. 43, 1974, pp. 1-40.

Heukelom, W., and A.J.G. Klomp, "Consideration of Calculated Strains at
Various Depths in Connection with the Stability of Asphalt Pavements," Pro-
ceedings, Second International Conference on the Structural Design of Asphalt
Pavements, University of Michigan, 1967.

Barksdale, R.D., "Laboratory Evaluation of Rutting in Base Course Materials,"
Proceedings, Third International Conference on the Structural Design of
Asphalt Pavements, University of Michigan, 1972.

Romain, J.E., "Rut Depth Prediction in Asphalt Pavements," Proceedings,
Third International Conference on the Structural Design of Asphalt Pavements,
University of Michigan, 1972.

van de Loo, P.J., "A Practical Approach teo the Prediction of Rutting in
Asphalt Pavements, the Shell Method," paper presented at annual meeting of
Transportation Research Board, Washington, D.C., January 1976.

Morris, J., R.C.G. Hass, P, Reilly, and E.T. Hignell, "Permanent Deformation
in Asphalt Pavements can be Predicted," Proceedings, The Association of
Asphalt Paving Technologists, Vol. 43, 1974, pp. 41-76.

McLean, D.B., and C.L. Monismith, "Estimation of Permanent Deformation in
Asphalt Concrete Layers Due to Repeated Traffic Loading," Transportation
Research Record No. 510, pp. 14-30, Washington, D.C., Highway Research
Board, 1975.

Freeme, C.R., and C.L. Monismith, "The Analysis of Permanent Deformation in
Asphalt Concrete Pavement Structures," Proceedings, Second Conference on
Asphalt Pavements for Southern Africa, 1974.

Snaith, M.S., Deformation Characteristics of Dense Bitumen Macadam Subjected
to Dynamic Loading, Ph.D. Thesis, University of Nottingham, 1973.

Brovn, 5.F., and M.S. Snaith, "The Permanent Deformation Charactersitics of
a Dense Bitumen Macadam Subjected to Repeated Loading," Proceedings, The
Association of Asphalt Paving Techmologists, Vol. 43, pp. 224-252.

Brown, S5.F., A.K.F. Lashine, and A.F.L. Hyde, "Repeated Load Triaxial Test-
ing of a Silty Clay," Gectechnique, Vol. 25, No. 1, 1975, pp. 95-114,

Monismith, C.L., N. Ogawa, and C.R. Freeme, 'Permanent Deformation Character-
istics of Subgrade Soils in Repeated Loading,” Transportatiom Research
Record No. 537, Transportation Research Board, 1975, pp. 1-17.



http://www.fastio.com/

ClibPD

42,

43.
44,
5.
46.
47.
48.
49.
50.
51.

52.
53.
54.

55.

56.

106

Hofstra, A., and A.J.G., Klomp, "Permanent Deformation of Flexible Pavements
under Simulated Road Traffic Conditions," Proceedings, Third Internatiomal
Conference on the Structural Design of Asphalt Pavements, University of
Michigan, 1972.

Hills, J.F., D. Brien, and P.J. van de Loo, The Correlation of Rutting and
Creep Tests in Asphalt Mixes, Paper IP-74-001, London?, Institute of
Petroleum, 1974,

van de Loo, P.J., "Creep Testing, a Simple Tool to Judge Asphalt Mix Sta-
bility," Proceedings, The Association of Asphalt Paving Technologists,
Vol. 43, 1974.

Chomton, C., and P.J. Valayer, "Applied Rheology of Asphalt Mixes—--Practical
Application,” Proceedings, Third International Conferemnce on the Sturctural
Design of Asphalt Pavements, University of Michigan, 1972, pp. 214~225.

Ugé, P., and P.J. van de Loo, "Permanent Deformation of Asphalt Mixes,"

)P:qceedings, Canadian Technical Asphalt Associatiom, 1974.

Barksdale, R.D., and G.A. Lecnards, 'Predicting Performance of Bituminous
Surface Pavements,” Proceedings, Second International Conference on the
Structural Design of Asphalt Pavements, University of Michigan, 1967,

pp. 321-340.

Elliott, J.F., and F. Moavenzadeh, "Moving Load on Viscoelastic Layered
System-Phase II, " Cambridge, Massachusetts, M.I.T., Dept. of Civil Engi-
neering, Materials Division, 1969 (Report No. R-69-64).

Elliott, J.F,, and F. Moavenzadeh, and H. Findakly, "Moving Load on Vis-
coelastic Layered Systems, Phase II - Addendum," Cambridge, Massachusetts,
M.I.T., Dept. of Civil Engineering, April 1970 (Research Report R70-20).

Kenis, W.J., and T.F. McMahon, Advance Notice of FHWA Pavement Design
System and a Design Check Procedure, prepared for presentation of AASHO
Design Committee Meeting, October 1972,

Barber, E.S., "Calculation of Maximum Pavement Temperatures from Weather

Reports," Bulletin 168, Highway Research Board, Washington, D.C., 1957,
pp- 1-8. '

Bergan, A.T., Some Considerations in the Design of Asphalt Pavements for
Cold Regions, Ph.D. Dissertation, University of California, Berkeley, 1972.

Ahlborn, G., ELSYM 5, Computer Program for Determining Stresses and Defor-
mation in a Five-Layer Elastic System, University of California, Berkeley.

McLean, D.B., Permanent Deformation Characteristics of Asphalt Concrete,
Ph.D. Dissertation, University of California, Berkeley, November 1974.

Kasianehuk, D.A., Fatigue Considerations in the Design of Asphalt Concrete
Pavements, Ph.D. Digsertation, University of California.

Monismith, C. L., D. MclLean, and R. Yuce, Design Considerations_ for Asphalt
Pavements, Report No. TE 72-4, University of Califormia, Institute of Trans-
portation and Traffic Engineering, 1972.

wavwlastio.com


http://www.fastio.com/

ClibPD

APPENDIX A

FATIGUE AND STIFFNESS TESTS — INDIO PROJECT

Inciuded is a summary of stiffness and controlled-stress flexural fatigue
test results obtained from tests on beams which had been cut from 12 in, (305 nm)
diameter cores obtained from the Indio project by the Transportation Laboratory.

The cores were obtained in December 1971.

Sample Data

Table Al shows site npmber designations attached to the cores as well as
the corresponding core locations and sample admission numbers.

Each core was split in the field to separate the surface course layer from
the base course. The surface course.layer was identified by its sample admis-
sion number and the letter A,

As a first step in sawing the cores, the base course was cut in a horizontal
plane yielding two cylinders, each approximately three inches in thickness. These
cylinders were identified by their sample admission numbers follbwed by the letter
B for the upper section and the letter C for the lower section. The centfal POT—
tion of each cylinder was removed by diamond sawing. These cuts were made in a
direction parallel to traffie, identified by arrows on the cores. Beam specimens
approximately 1.5 in. (38 mm) square and 12 in. (305 mm) in length were then ob-
tained from the central section two beams from the A portion and four from each
of the B and C sections.‘ The remaining portions of each of the cylinders were
returned to the Materials and Research Department for extraction and recovery
and tests on the extracted asphalt. Table A2 shows the correspondence between
the numbers on the extraction samples and those for the beams.

Bulk specific gravity for each beam specimen was determinéd by weighing

it in air and water. Air void contents were determined for each beam using
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the measured values of specific gravity and the following information supplied

by the Transportation Laboratory:

Pavement Asphalt Content Specific Gravity
Component Percent : of Aggretate
surface course 4.9 2.67
base course 4.4 2.67

To compute section moduli for each beam specimen, average beam dimensions
were determined. Because of the comparatively low asphalt contents and the
large maximum size of the aggregate felative to the beam dimensions, considerable
erosion of fines in some of the specimens resulted during trimming from the action

of the cooling water. Accordingly, cross-sections of a number of the beam speci-

mens were not well defined.

- Test Programs

A total of 60 beams were obtained from the six cores; twelve from the surface
course and 48 from the base course (specimen no. N2-10 broke before testing).
Surface course specimens were each tested at three temperatures, 81, 66, and
42°F (27, 19, 5°C) and at three stress levels at each temperature. One load
duration (0.1 sec) and one frequency of loading (100 repetitions per minute)
were used. |

The base course beams were divided into six groups of eight specimens.

Each group exhibited approximately the same mean air void content to facilitate
comparisons of average test results. Three of the six groups were tested in

" fatigue at 66°F (19°C) and stress levels of 1530, 100, and 75 psi (1,035 to
520 KN/mz) while the remaining three groups were tested at 81°F (27°C) and stress
level of 100, 75, and 50 psi (690 +0350 KN/mg). Load duration and frequency

were 0.1 sec and 100 repetitions per min respectively.
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Tests Results

Surface Course. Stiffness measurements are summarized in Table A3. Each

stiffness represents the mean value for the three applied stresses, Stiff-
nesses are also plotted as a function of air void content, Fig. Al; wvariation

in stiffness due to stress level can alsc be noted in this figure.

Base Course. Results of fatigue tests on the base course are summarized in
Table A4. These results have been plotted as bending stress vs. repetitions
to failure in Fig. A2 and initial bending vs. repetitions to failure in Fig. A3.

Linear (log-log) least squares regression lines have been fit to the data
and are also shown in the figures. In Fig. A3 the fatigue line obtained from
the general diagram (TE 70-5) and corresponding to a stiffness of 400,000 psi
{2,760 MN/mz) has been plotted for.comparison purposes. Adjustments for void
content and asphalt content would shift this relationship to the left somewhat.

Soﬁe.attempt has also been made to define the influence of void content
on fatigue life for the base course mixture. Generally, the.results indicate
considerable scatter.

Overall, the results indicate more scatter than results obtained for speci-
mens prepared in the laboratory. This is probably due in part to the aggregate
size relative to the specimen size and the inherent variability developed during
the construction process.

In the future it would appear desirable to test speéimens 3 in, (75 mm)
by 3 in. (75 mm) in cross-sectional area. This in turn will require a sampling

procedure similar to that used for the Gonzales, Morro Bay, and Folsom projects.
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TABLE Al- CORE LOCATIONS -~ INDIO PROJECT

Sample Admission

Site No. Location Yo.
i STA 983 + 10 8062
2 STA 983 + 25 8063
3 STA 983 + 40 8064
‘4 STA 983 + 60 8065
5 STA 983 + 75 8066
6 STA 983 + 90 8067
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TABLE A2 - SAMPLE DESIGNATIONS

Site Extraction Beam Sample

No. Sample No. Designation
8062A 1-~1, 2%

1 8062B 1~-3,4,5,6
8062C 1«7, 8,9, 10
8063A -1,

2 8063B -3, 4, 5, 6
8063C -7, 8, 9, 10
3064A -1,

3 806438 -3, 4, 5, 6
8064C -7, 8, 9, 10
8065A 4 - s

4 80658 4 ~ 3, 4, 5, 6
8065C 4 -7, 8,9, 10
8066A - 1,

5 80663 - > 2 » 6
8066C -7, 8, 9, 10
8067A - ’

6 80673 - 3 L] 3 6
8067C -7, 8,9, 10

#N - 1 - 1 -10
(Indio) Site Sample
No., No.
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TABLE A3 -~ STIFFNESS TEST RESULTS -~ INDIO PROJECT SURFACE COURSE

o Stiffness (psi) Alr Void

Sanple Temp °F (Mean Values) Content
N1-1 66°F 4,32 x 103 8.75%
Ni-2 . 66°F 5.00 x 105 8.82
N2-1 G66°F 4.75 x 105 7.63
N2-2 66°F 4,21 x 105 8.10
N3-1 66°F 3.76 x 105 8,11
N3-2 66°F 2,95 x 105 8,25
N4-1 66°F 3,97 % 105 7.32
N4=-2 66°F 4.26 x 105 6,91
N5--1 66°F 4,18 % 105 7.02
N5=-2 66°F 3.93 x 105 7.17
N6-1 66°F 4,10 x 105 7,46
N6-2 66°F 4,21 x 10 7.03
N1-1 66°F 1,14 x 103 8.75
Ni-2 66°F 1,39 x 105 8,82
N2-1 66°F 1,33 % 105 7.63
N2-2 66°F 1.06 x 107 8,10
N3-1 66°F 1,04 % 105 8.11
N3-2 66°F 1,03 x 105 8.25
N4-1 66°F 1.28 x 105 7.32
N&—2 66°F 1,19 x 105 6,91
N5-1 66°F 1.25 x 105 7.02
N5-2 66°F 1.20 x 105 7.17
Ne-1 66°F 1.23 x 105 7,46
N6-2 66°F 1,42 x 10 7.03
N1-1 66°F 13,27 x 102 8.75
N1--2 66°F 15.20 % 105 8.82
N2-1 66°F 14,60 x 107 7.63
N2-2 66°F 10,37 = 105 8.10
N3-1 66°F 12,93 x 105 8.11
N3-2 66°F 12,08 x 105 8.25
W4-1 66°F 10,42 x 105 7,32
N4-2 66°F 13,22 x 105 6,91
N5-1 G6°F 17,10 x 105 7.02
N5-2 66°F 13,91 x 105 7.17
N6-1 66°F 14,22 x 105 7.46
N6-2 66°F 12.47 % 10 7,03
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TABLE A4 — FATIGUE TEST RESULTS - INDIO PROJECT BASE COURSE

Air
Sample Stiffness Strain Fatigue Stress Bulk S5p. Veid Temp
No. p.s.1. 10—6 in./in Life p.s.i. | Gravity Content °F
| Yo mefin Percent

N3-8 8.66 x 100 1,732 262 | 150 2.258 9.49 66
N5-8 2.74 x 10, 547 3,183 | 150 2.302 7.70 66
N6-5 3.93 x 107 382 2.272 | 150 2.317 7.13 66
N2-6 4,97 x 107 302 3.156 | 150 2.323 6.87 66
N4-10 | 9.76 x 107 166 2.998 | 150 2.329 6.62 66
NL-10 | 6.27 x 10; 239 10,314 | 150 2.338 6.26 66
N2-4 5.12 x 107 293 7.124 | 150 2.370 5.01 66
N2-3 5.85 x 10 171 3.703 | 150 2.392 .11 66
N2-8 5.05 x 10§ 198 18,638 | 100 2,292 8.11 66
Nb6 3.42 x 107 292 4,394 | 100 9.313 7.28 66
N4-7 417 x 10, 240 7.844 | 100 2.319 7.05 66
Nb4-5 2.88 x 107 347 2,071 | 100 2.322 6.90 66
N4-9 5.23 x 107 191 24.314 | 100 . | 2.33L 6.55 66
N1-6 6.76 x 10, 148 19.643 | 100 2.337 6.33 66
Ni-4 5.13 x 103 148 16.611 | 100 2.352 5.69 66
N5-3 5.62 x 10 178 5.442 | 100 2.362 5.31 66
N2-7 4.83 x 102 155 47,782 75 2,294 8.02 66
NG-8 5.06 x 107 148 27,164 75 2.310 7.41 66
N3-9 5.34 x 107 141 142,003 75 2.318 7.09 66
N3-10 | 5.37 x 10; 140 109,354 75 2.314 7.23 66
N5-10 | 5.47 x 107 137 153,278 75 2.330 6.59 66
N1-9 5.95 x 107 126 99,091 75 2,328 6.68 66
N1-3 5.98 x 107 125 64,437 75 2.360 5.41 66
N5-4 4.35 x 10 172 37,430 75 2.375 4.80 66
N5-6 0.886 x 102 1,130 692 | 100 2.302 7.73 81
N6-9 0.770 % 107 1.300 370 | 100 2.316 7.17 81
N5-5 0.920 x 107 1,080 575 | 100 2.319 7.04 81
N6-10 | 0.756 x 107 1,322 382 | 100 2.319 7.04 81
N2-9 1.55 x 107 645 2,426 | 100 2.335 6.40 a1
N6-6 1.60 x 107 625 1,895 | 100 2.335 6.39 81
N3-5 0.970 x 107 1,030 327 | 100 2.335 6.39 81
N3-3 1.52 x 10 658 1,830 | 100 2.369 5.02 81
N5-7 1.39 x 102 540 3,754 75 2.302 7.73 81
N&-3 0.586 x 107 ~1,280 184 75 2,315 7.21 81
Nl 0.569 x 10 ~1,318 169 75 2,325 6.83 81
N5-9 1.58 x 107 475 5,368 75 2.335 6.39 81
N1-5 1.74 x 107 430 6.210 75 2.334 6.43 81
N6—4 1.21 x 107 620 3,153 75 2.345 5.98 a1
N6-3 1.52 x 10 493 3,435 75 2.345 5.98 81
N2-10 S - - 75 - Z 81
N3-7 0.566 X 10? 883 777 50 2.260 9.41 81
N6-7 1.59 x 10 315 15,013 50 2.325 6.78 81
N3-6 1.60 x 10 312 4.926 50 2.326 6.75 81
N1-7 1.89 x 107 264 34,331 50 2.335 6.39 81
N4-8 1.92 x 10 260 17.870 50 2.326 6.77 81
N2-5 1.75 x 10 286 6.860 50 2.338 6.26 81
NL-8 172 x 10 290 22,182 50 2.330 5.87 81
N3—4 1.99 x 10 252 22.226 50 2.371 4.97 81
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APPENDIX B

INFLUENCE OF WHEEL LOAD SPECTRUM ON RUTITING#*

In this procedure, the material is characterized by its state of deforma-
tion 6r deformation level regardless of the way in which the state was obtained.
This corresponds to the time hardening procedure described earlier.

‘Van de Loo has suggested that for many asphalt mixes, the accumulation of
permanent strain as a function of stress level and number of repetitions can
be represented by the equation:

E=c¢c .0 - N (B1)

This equation is represented schematically in Fig. BIl.
The equivalent number of standard loads causing same permanent deformation,
Sp, as Ni repetitions of load Gi can be‘derived as follows:

(e 1/a

Nst = co : (B2)
. st

r . yl/a
N, = |=F (B3)

r . 11/a

Nst = o __ Ni (B4)

Equation (B4) represents the equivalent number of standard loads causing same
permanent deformation as the number of loads Ni at stress level Gi.
It should be noted that at equal values of strain, ep’ de/dN differs for

the different applied stress relationships and is a function of N.

*After P.J. van de Loo in paper presented to the Symposium on Predicting Rutting
in Asphalt Concrete Pavements, Transportation Research Board, January 1976.
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N

log €

log N

Fig. B-1 - Influence of stress level and numbers of load repetitions
on accumulation of permanent strain.
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B3

de _ a-1
an- ¢ 0 a N (BS)
or
de _ a
e EP N (B6)
For the standard load:
a
de_ = =— " dN (B7)
st P Nst st
and for any other load, g,
de, =g+ 3. aN (B8)
i P Ni i
Letting n, = dNi and determining stt =n_. for the situation where increases
in deformation along both curves are equal, it can be shown that:
N
_ st
" e STRY (B9)
i
- Substituting equations (B2) and (B3) results in the following:
o 1l/a
st |0 3 (B10)
st

Equation (B10) is similar to equation (B4) indicating that for any load patternm,
the equivalent number of standard loads can be determined for both a specific
deformation level and incremental deformations, the latter regardless of the
fact that de/dN differs for the various stress curves at equal values of ep.
Finally, considering a wheel 1oad spectrum which can be divided into

classes of different stresses:

k (g 1i/a
] N equiv. = N X - = (B11)
st i=1 Gst nst

ClibPD www fastio.com
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APPENDIX C

USER'S GUIDE: RUT DEPTH PREDICTION PROGRAM

The program is an extension of the 3~dimensional elastic layered system

program ELSYMS5; the stress output of ELSYM5 is used in the calculation of

plastic strains.

Limitations
1. Minimum
2. Minimum
3. Minimum
4. Minimum

(10xy +
5.

of the program are similar to that of ELSYM5; i,e,

of one system maximum of five.

of one elastic lajer maximam of five,

of one uniform circular load maximum of five (all identical)
of one point whe?e output is required maximum of 100

102}

For rigid base maximum Z value must be less than depth to

rigid base.

41l input values must be positive except xy positions,

Poisson ratio must not have a value of one and for a bottom
elastic layer on a rigid base it must not be in the range 0.748
to 0.752.

The integration process (truncated series) leads to some approxi-

mation of the results at and near the surface and at points out

at some

distance from the load.

It is therefore advisable to specify that results be computed at control

points where a check can be conducted; e.g., directly beneath the load at the

surface where the pressure is known.

If more than one system is analyzed, the second and subsequent system

results are modified according to the time or strain hardeming concepts for

repeated loading, using the results from the preceding system, i.e., if there

www fastio.com
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is more than one system the program assumes that the second system is merely the

same as the first being subjected to a further number of load repetitions.

PERMANENT STRAIN COMPUTATION

Plastic Strain

Plastic strains are calculated by both the effective stress and Barksdale
equations:

1. Effective Stress

_ 1 9 9 3 1/2
Effective stress o = J=§:[}cl - 02) + (02 - 03) + (03 - UI) ]

where Ul > 0, 5 Og are principal stresses determined by elastic theory -
ELSYM 5.

The permanent strain in the vertical direction is given by

€.
- P 1
e == [o, ~= (c_+0)] (1)
p(Z) fo] 2 2 X ¥y
Oy » cy_, o, are normal stresses at location where computation

is required.

ep = total effective strain

€ €
The ratio -%% is determined from the relationship: E?- =-I%%7§%
where a is an input parameter (a = %- from equation £_ = ko or
a= l;-; Ei = initial tangent modulus.
i
b= p L
ultimate
- EE ilur
Gult' e = ——éi—g—g Rf = Reduction Factor
wmate £ 0.755Rc<1.0
and

- . 2c cos ¢ + 204 sin ¢-

Ofailure T - sin ¢

whvwLlastio.com
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E=3
il

angle of internal friction

cohesion walue

n
H]

For a required number of repetitioms (N) of load the permanent strain
in equation 1 is modified according to the following
N
E = £ 'ﬁ'_'_
@ P@Vm

E
P(z)

where

N = pumber of load repetitions at which constants a
RB "
and b were determined

A is the slope of the straight line portion on a

log-log plot of e vrs N for the repeated load
triaxial test,

2. Barksdale equation

This is a relationship between permanent strain and deviator stress

for unbound aggregates:

g+ a0,
T = 3

P

ERf (1 - sing)
T 2(c cosd + o

1 n
3 sing)

where G=0g, =0

n, a, ¢, ¢, Rf as defined above,

Elastic Straius

By definition, ep = (0 ; the program DEFORM sets the same value

Visco—elastic Strains

The material is characterized as a time dependent plastic material and the

following equation is used:

www fastio.com
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[o ,% (0, + 0]

ey k, n as defined above
1,50

INPUT CARDS

The notation CC refers to card columns with the range of columns being

inclusive.

All 'real' values (REAL) are punched with a decimal point as part

of the value and all “integer" values (INTEGER) are to be punched without a

decimal point and right justified in the data field,

1, cC

2. CC

CC

cC

cc

CcC

CC

cC

CC

1-5

1-3

5-60

6~10

11-15

16-20

21-25

26-35

6-10

1i-15

www . fastio.com

(INTEGER)
(INTEGER)

(ALPHA)

(INTEGER)

(INTEGER)

(INTEGER)

(INTEGER)

(INTEGER)

(E10.3)
(INTEGER)
(REAL)

(REAL)

Number of systems to be rum (NSYM)

Punch the number 999

any combination of alphanumeric characters may be
used to identify the system i,e. title

Number of elastic layers in the system {NEL)

Number of uniform circular loads to be applied
normal to the surface of the system (NLD)

Number of XY 1locations where results are

desired (NXI)

Number of Z locations where results are desired ®Z)
Indication whether or not computation of deformation

is required (NDEF)

NDEF = 3 No deformation computation
=1 Deformation computation desired
Desired number of load repetitions (REPIT)
Layer number (ILN)
thickness of layer in inches (TH)

Poisson's ratio of layer (V)


http://www.fastio.com/
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CC 16-25  (REAL) Modulus of elasticity for layer (E)
®CC 30-31 (ALPHA) Base interface condition
= *Note: This is for only rigid base. Leave blank

for other layer interface, Punch FF for full
friction rigid base interface or NF for no friction
rigid base interface., One card is required for each
elastic layer in the system., Leave thickness blank
for bottom elastic layer when layer is to be semi-

Infinite in thickness.

5. CC 1-10 (REAL) Load force in pounds
CcC 1i-20 (REAL) Load pressure in pounds per square inch
CC 21-30 (REAL) Load radius in inches. Any two of the above items can
be input, program determined for the third. Only one

card required.

-
6. CC 1-10 (REAL) X position of a load
CC 11-20 (REAL) Y position of a load
one card per load
7. CC 1-10 (REAL) X position for evaluation
CC 11-20 (REAL) Y position for evaluation
ong card for each XY position
3. CC 1-5 (REAL) first Z value for evaluation
CC 6-10 (REAL) second Z value for evaluation

. CC 11-15 (REAL) third Z value for evaluation, etec.

only one card required, maximum of ten values

9, cc 1 (INTEGER) layer number
(Elastic = 1
cc 2 (INTEGER) Material type (Plastic = 2
(Viscoelastic = 3

ClihPDF - www .fastio.com
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cC

CcC

cC

cC

(H™

CC

cC

10. CC

CC

cc

To evaluate a second system, follow card type 10 by card types 2-10 for

3-10

11-20
21~30
31~40

41-50

51-60

61-70

2-11

12-21

(REAL)
(REAL)
(REAL)
(REAL)

(REAL)

(REAL)

(REAL)

(INTEGER)
(E10.3)

(E10.3)

the second system, etc.

ClihPDF - www .fastio.com

Coefficient K £from Rel, Ep = Ro" {PLK)

Exponent in Rel. Ep = Koo (PLS)

Cohesion (COH)

Angle of internal friction (Deg.) ¢

Reduction factor R. 0.75 <R < 1.0
from E} = Rf CULT

Density of layer (lb/fta) (sGE)

Water content of layer (%)

one card for each layer

If type of material (IYP) = 1 put PLK = 0.0

Leave other parameters blank except SGG

Layer number

Exponent F(K) in relation ep = NF(K)

Number of repetitions N at which hyperbolic

REB

parameters PLE, etc., are specified

one card for each layer

COMPUTER

LISTING

WILL

ALSO BE INCLUDED.
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